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ABSTRACT
Many areas are experiencing increasing highway congestion
resulting from rapid growth. The impact fee is becoming a
popular method for financing the roadway improvements neces-
sary to accommodate the increased traffic. These impact fees
are charges to developers to pay for the roadway improvements
made necessary by the construction of their developments.
This thesis examines the ways in which impact fees are
assessed. Methods of allocating improvement costs to
developments are analyzed. These methods require that the
traffic increases on highways generated by new development be
estimated. Traditional methods for traffic estimation are
discussed. Problems with using these methods include that
they do not provide a way to determine the traffic attribut-
able to each development that treats all developments con-
sistently.
Existing impact fee programs are reviewed next in the
thesis. These programs experience the problem of determining
consistent traffic allocations to developments. A case study
shows that these problems, as well as the assumptions made
during traffic estimation can significantly affect the cost
allocations and fee assessments.
Several methods for overcoming the problem of determining
consistent cost allocations are analyzed. The best method
uses an entropy formulation to determine the most likely allo-
cation of traffic among developments. The entropy method
ensures that the most accurate transportation planning
techniques can be used in a manner in which all developments
are treated consistently. An example on a realistic urban
network shows that the method can be used in practical
settings.
Thesis Supervisor: Dr. Sue McNeil
Title: Assistant Professor of Civil Engineering
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CHAPTER ONE
INTRODUCTION
The costs of construction, improvement, and maintenance
of public highways have traditionally been borne by state,
county, and municipal governments. Recently, rapidly rising
costs coupled with much slower increases in available revenues
have placed a heavy burden on jurisdictions responsible for
highway improvements [13]. In response, government officials
have begun to seek alternative means of financing highway
improvements.
The problem of insufficient funding to maintain accept-
able highway service levels has fallen hardest on areas ex-
periencing high growth rates. Local and county officials in
these areas--as well as some developers--have begun to realize
that existing facilities such as roads, sewer systems, and
schools are inadequate to handle the additional burdens placed
on them by new development. This realization has led to
increasing private participation in funding infrastructure
improvements. One mechanism that is becoming more commonplace
is the impact fee.
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1.1 Background and Motivation
Impact fees are charges paid by developers that are used
by counties or municipalities to help defray the costs of cap-
ital improvements made necessary by the new developments.
These fees are currently being assessed in many areas through-
out the United States [2,13]. Impact fees are usually deter-
mined by statute or ordinance and are used for both on-site
and off-site development-related improvements. On-site
improvements, generally specific to an individual development,
may include parking facilities as well as access and on-site
roadways. Off-site improvements that might be paid for by
impact fees include capacity or safety improvements to roads
and intersections not located on the development parcel that
will be used by traffic generated by the development. These
improvements may consist of roadway widening, signalization,
channelization of traffic, etc.
1.1.1 Types of Impact Fees
Impact fees are generally classified as flat fees, vari-
able fees, or negotiated fees. These three classifications
are described in detail below.
Flat Fees - A flat fee is proportional to some measure of the
development's size, such as square footage of floor space or
the number of dwelling units, employees, parking spaces, or
trips to and from the development. For example, the City of
San Francisco in 1981 passed an ordinance requiring developers
-12-
of downtown office buildings to pay a one-time fee of $5 per
square foot of floor space. The revenues collected from these
fees are earmarked for public transportation improvements.
Variable Fees - A variable fee is directly related to the
amount of traffic generated by the development that uses spe-
cific roads that are congested or are targeted for improve-
ment. Thus two developments that are identical in every way
except location could be charged different fees under a vari-
able fee system, especially if one development is located in a
more congested area. An example of a variable impact fee pro-
gram is the Broward County (Florida) Land Development Code,
which is described in Chapter 3 [2].
Negotiated fees - A negotiated fee is one determined by bar-
gaining between the developer and the jurisdiction responsible
for approving the development. For example, in Orange County,
California, the Irvine Company has provided three freeway off-
ramps, two parkways, a new interchange, and other traffic
projects worth a total of $60 million in conjunction with the
development of a 480 acre complex [15].
The main advantage of a flat fee is its predictability
and ease of calculation. Because of these desirable charac-
teristics, developers have generally been more willing to live
with a flat fee assessment than a variable fee [13]. The major
drawback of a flat fee is the lack of relationship between the
fee and the impact it causes, that is, a "rational nexus" for
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the fee [12]. For example, a flat fee earmarked for highway
improvements would be the same for a development whether it
was located in a congested area or next to an underutilized
interchange on a uncongested freeway. Obviously, the impact of
the development would be much greater in the congested area.
Another disadvantage of the flat fee is that it fails to pro-
vide incentives for developers to include in their designs
mitigating measures that would reduce the impacts of their
developments (although developments with such measures could
be credited). Such measures might include carpooling incen-
tives or flexible work schedules.
The variable fee resolves the principal problem with the
flat fee since the variable fee can vary depending on the
characteristics of the development and its location. A spe-
cific relationship between the fee and the traffic impact of
the development can be used in assessing the fee. The disad-
vantages of the variable fee are the difficulty in calculating
the impact of a development--particularly when several devel-
opments impact the same area--and the unpredictability of the
size of the fee for the developer. The traditional urban
transportation planning process is typically used to determine
the traffic impacts of developments. The nature of the dis-
tribution and assignment models used in this process results
in the reliance of the calculated impacts (and thus the fees)
on the assumptions made during the process. Thus the determi-
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nation of the impacts can be ambiguous.
In an examination of bargaining between governments and
developers in California, Kirlin and Kirlin [10] conclude that
bargaining is the best available alternative for financing
public works because it does not diminish private property
rights and it is legally defensible. However, the bargaining
process can be slow because of the number of actors involved,
and the results may be dependent on political or other consid-
erations [12]. Another potential problem with negotiated
impact fees is that the revenue needed to implement the neces-
sary improvements may not be collected in full.
1.1.2 Objectives in Setting Impact Fees
As a rule impact fee programs must fairly charge develop-
ers for impacts related to their developments so that those
using the development derive benefits from the improvements
that are made. Consequently, much care must be taken in
designing impact fee programs, particularly with regard to
improvements made necessary by more than one development.
Governments that collect impact fees may have several
objectives in setting them. One such objective is covering
the costs (attributable to developers) of the necessary
improvements [12]. In other words, the revenues from the col-
lected fees should, along with available public monies (for
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example, gasoline tax revenues), be sufficient to implement
the improvements. It should be pointed out that the amounts
of flat and variable fees can be tailored so that this objec-
tive is met. Although a jurisdiction may have cost coverage
as an objective of negotiation, there is no guarantee that a
negotiated fee program will do so unless there is statutory
backing for the objective.
A second important objective that jurisdictions may have
in setting impact fees is consistency among fees charged to
different developers and over time [12]. Negotiated fees can-
not guarantee consistency. If consistency is measured in
terms of the actual impacts of developments, then flat fees
cannot guarantee consistent fees either. If two identical
developments are constructed, one in a congested location and
one in an uncongested area, they will be charged the same
amount under a flat fee program even though the development in
the congested area has far greater impacts. Variable impact
fees can be used to ensure consistency among developments. It
should be noted however, that some developers view consistency
in terms of development size [13], preferring the predictabil-
ity of flat fees.
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1.1.3 Important Issues Concerning Impact Fees
There are several issues concerning impact fees that have
not been thoroughly dealt with in the literature or in
existing programs. These are summarized below.
Legal Issues - Some developers may regard the concept of
impact fees as "legalized extortion" [13]. Impact fees have
been challenged, but courts have generally upheld the legality
of fees used to pay for improvements that can be related
directly to the development's construction. This stipulation
is similar to the objective of consistency among fees allo-
cated to developments. The ease with which impact fees can be
assessed, however, varies from state to state. Courts in some
states have upheld impact fee programs while others have
required specific enabling legislation in order to enact the
programs [13,16].
Administration of impact fee programs - As a practical matter,
an impact fee system must be administratively feasible and
economical to administer. Even for the simplest impact fee
system, there is a cost to the government agency administering
it. These costs may include those for accounting, performance
of necessary traffic analyses, and review of development
plans. These costs must be funded either through collection
of higher impact fees or through some other source. In gen-
eral, jurisdictions with impact fee programs in use have been
-17-
willing to pay for their administration because of the need
for revenues to pay for the improvements. Existing impact fee
programs have been kept simple enough to be administratively
feasible.
Social and Equity Incidence Issues (Who really pays?) - A
social issue concerning impact fees is the issue of who
actually pays for the improvement. For example, if an impact
fee is charged for a housing development, the developer would
be likely to pass the amount of the fee along to the home
buyers in the form of a price increase rather than to pay for
it out of his own profit. Thus although the developer
actually pays the government the amount of the fee, it is the
homeowners who actually pay it. While this may seem
reasonable for the case of a housing development (since those
living in the homes make the trips that cause the impacts on
the highways), the issue becomes more complicated in the case
of rental of development units, such as for a shopping center
or an office park. The developer may pass along the cost of
the impact fee to tenants in the form of increased rents, but
the offices' employees or the shopping center's customers will
be making the bulk of the trips. Those actually causing the
impacts may be difficult to identify or charge. Most existing
impact fee programs do not explicitly address incidence
issues.
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Another problem with impact fees that relates to inci-
dence is that differences between different developments may
lead to socially undesirable fees from the point of view of
the consumer's "ability to pay." For example, under a flat
fee system, the fee charged to a developer of a $50,000 home
would be the same as that charged to a $150,000 home. (Under
a variable fee system, the fee for the $50,000 home might be
slightly lower because it could be expected to generate fewer
trips than the more expensive home.) If the fees are passed
on to the home buyer as expected, both buyers would pay the
same additional amount. Not only would the price increase be
much higher as a percentage for the $50,000 home, but the fee
might put the home out of the price range of the buyer of the
less expensive house.
Economic efficiency - Economic theorists believe that the most
efficient form of fee system would be one in which each
developer is charged for the "external cost" his development
imposes on other highway users. This is equivalent to setting
the fee equal to the short-run marginal cost (to the highway
users) resulting from the development's construction.
Unfortunately, the use of economically efficient fees will
generally not ensure that costs are covered or that any
revenue target can be met. Other problems with using
economically efficient fees include the difficulties in
calculating and administering such fees, the resultant
-19-
undesirable (from the perspective of other objectives) levels
of development or traffic, and the conflict between efiiceincy
and other objectives such as equity. These problems with
economically efficient fees have in general precluded the use
of such fees.
Demand induced or generated by improved highway facilities -
Once a highway is improved, traffic demand will increase, par-
ticularly when capacity is increased significantly. It is
impossible to measure the effects of induced demand by using
solely traditional traffic distribution and assignment tech-
niques. Furthermore, since the induced traffic will also
benefit from the improved facility, if developers are charged
for the entire cost of improvements, they will be charged for
benefits not enjoyed by the developers or the users of the
developments. Unfortunately, most existing impact fee pro-
grams ignore the issue of traffic generated by improvements.
Assumption of static development scenario - The development
process in an area, even a small area, is constantly changing.
The developments that create the need for a particular highway
improvement may be constructed over a period of many years.
The schedules for completion of various phases of development
change over time, and the sizes and compositions of the devel-
opments may also be modified, perhaps radically. Some devel-
opments may be cancelled, or new developments may be planned.
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The dynamic nature of the development process may pose
substantial problems for the impact fee assessors. To deter-
mine the traffic impacts of a group of developments and neces-
sary levels of improvement, particular levels of development
must be assumed. A jurisdiction may wait until the actual
construction of a development, when the specifics of the
development are final, to determine the amount of an impact
fee. This would pose problems, however, if the development
were one of a set of projects that all affect a certain high-
way since (as will be shown later) the impact of the individ-
ual project may be different from its allocated share of the
impacts of the entire group of developments. Determining the
impact fee for each development individually amounts to an
incremental allocation procedure, which is described in detail
in the next chapter. Incremental procedures are widely used
in existing impact fee programs.
Another argument against impact fees is that they may
unfairly penalize a development that is "the straw that breaks
the camel's back." That is, if traffic increases due to a
development necessitate improvements on a highway, impact fees
may be assessed on the development, but no fee is assessed on
the existing traffic. If the impact fees are designed to
cover costs, developers could be required to pay for the
entire cost of improvements. In Newport Beach, California,
for example, a development that would cause any signalized
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intersection in the city to operate at over 90% of capacity
must improve the intersection so that the volume/capacity
(v/c) ratio is below 90% [13]. The developer must pay for the
improvement with no contribution of public funds. Subsequent
developments could then be constructed taking advantage of the
additional capacity without having to pay to further improve
the intersection (as long as the additional traffic did not
once again raise the v/c ratio to 90%). While other impact
fee programs may require developers to pay only for the share
of additional capacity required by traffic generated by the
development [2,14], public funds are seldom used to pay for
the share of improvements that benefit existing traffic.
Developer responsibility for dual-ended trips - Under many
impact fee programs, a developer is entirely responsible for
any traffic increases resulting from the construction of his
development. This, however, can lead to "double-counting" of
trips made between two new developments. The previously cited
Newport Beach ordinance [13] makes developers fully respon-
sible for any new trips generated by their developments; thus
the potential for double-counting exists. In contrast, to
attempt to avoid double-counting, Broward County [2], for
example, charges developers for only 50% of development-
generated trips. This practice, however, means that the
objective of fully covering costs can seldom be met. The
"other end" of a development-generated trip may be at an
-22-
existing trip generator or a generator located outside the
jurisdiction of the locality administering the impact fee.
The issue of whether a development is responsible for each
entire trip it generates or only half of each trip, even when
the generator at the other end of the trip cannot practically
be charged an impact fee, remains unresolved.
Ambiguities resulting from assumptions of traditional trip
distribution and assignment models - To determine a devel-
opment's share of responsibility for a necessary highway
improvement, the number of trips using the facility from each
development must be known. Unfortunately, the most accurate
traffic assignment methods cannot unambiguously allocate trips
among various developments [18]. This problem results from
the nonuniqueness of path flows for an origin-destination pair
in these methods. Many existing programs get around this
problem by using incremental cost and traffic allocation meth-
ods and alternate traffic assignment methods. This problem is
the focus of this thesis and is discussed in greater detail
below.
Although impact fees are growing in popularity, many of
these issues have not been addressed despite their potentially
substantial effect on the amounts of fees. It is important
that future research efforts into impact fees address these
issues.
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1.2 Thesis Objective
The major focus of this thesis is to address the problems
associated with the allocation of highway improvement costs to
ensure equitable impact fees among a group of developments
affecting the same facility. It is assumed that a variable
impact fee program is necessary to achieve the goals of cost
coverage and consistency among developments. It will be
assumed that the other issues mentioned above are satisfacto-
rily addressed as part of the impact fee program.
As stated above, traditional traffic assignment tech-
niques do not provide enough information to determine an
equitable allocation of the traffic on a highway section among
developments. The major objective of the thesis is to develop
a method for determining such an allocation and to show how it
can be used in a realistic application. Secondary objectives
of the thesis include determining the variations that occur
among different assumptions concerning the cost allocation and
traffic assignment processes, and the testing of alternative
methods for dealing with this problem.
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1.3 Research Approach
The thesis describes existing cost allocation and traffic
estimation techniques and explains the characteristics of
these techniques that prevent them from determining consistent
allocations to developments. Existing impact fee systems are
examined in terms of whether they have this problem and how
they deal with it. Several methods to overcome the problem
are examined and analyzed. One technique, which uses an
entropy formulation, is recommended because of its accuracy
and practicality. This method finds the "most likely" alloca-
tion of the trips made on the link among the developments.
The thesis develops the method and demonstrates its use on a
sample problem of a real urban area.
1.4 Thesis Structure
The thesis is organized as follows: Chapter 2 provides
information on methods for allocating costs among developments
using traffic estimates for the affected highways. This chap-
ter also details traditional methods for traffic estimation
that can be used to provide the projections for the highways
of interest. Chapter 3 describes in detail two existing
impact fee programs that demonstrate many of the advantages
and drawbacks associated with the concept. Several other pro-
grams are also summarized in Chapter 3. In Chapter 4 an
empirical study using an actual community demonstrates that
the use of traditional techniques can cause significant varia-
-25-
tions in the allocations of traffic and costs in practice.
Chapter 5 discusses several methods that can be used to over-
come the problem of allocating traffic among developments and
presents the recommended "maximum likelihood" method. An
example of the maximum likelihood method used on a realistic
urban highway network is presented in Chapter 6. Chapter 7
summarizes and presents the conclusions of the thesis.
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CHAPTER TWO
THE USE OF HIGHWAY COST ALLOCATION AND URBAN TRANSPORTATION
PLANNING PROCEDURES IN SETTING IMPACT FEES
Several important objectives of impact fee programs were
discussed in Chapter 1, including that impact fees should
fairly charge developers for the impacts that their develop-
ments cause and that the fees collected should meet a revenue
target, perhaps the costs of highway improvements to be made.
The former objective may need to be satisfied for the impact
fee program to be legally binding on developers.
The objectives mentioned above are similar to those a
government jurisdiction might have in assessing highway user
charges to various user classes. These charges might take the
form of tolls or other user fees such as taxes. The methods
used to determine the amounts that each user class will be
assessed are known as highway cost allocation procedures.
One of the difficulties in setting impact fees is the
problem of how to allocate the costs of improving a highway
among several developments whose traffic impacts the highway.
One suggested method for doing this is the use of highway cost
allocation procedures [12]. Highway cost allocation proce-
dures can be applied to impact fee assessment by defining each
vehicle (user) class as the traffic generated by a single
-27-
development.
In traditional highway cost allocation, the traffic lev-
els for each vehicle class are assumed known or estimated.
For example, on a toll road, the amount of traffic using the
road in the previous year may be used to determine the next
year's traffic levels along with appropriate growth factors.
This process is not as simple for the case of developments
that have not yet been constructed. Traditional urban trans-
portation planning techniques are one method for providing
estimates of traffic generated by future development.
This chapter describes some common highway cost alloca-
tion methods and discusses how they may be used to determine
impact fee charges. Also included in this chapter is a
presentation of traditional techniques for determining the
amount of traffic generated on individual highways under dif-
ferent development scenarios. These methods can be used to
provide the traffic volume information necessary to use the
cost allocation methods in the determination of impact fees.
Some of the problems and limitations associated with the use
of these techniques are discussed as well.
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2.1 Highway Cost Allocation Methods
Three common highway cost allocation methods are incre-
mental allocation, proportional allocation, and the uniform
removal method. These methods are described briefly below.
2.1.1 Incremental Allocation
This method sequentially introduces (or removes) vehicle
classes from the total traffic stream. As each class is
introduced, the traffic and impacts of the class are deter-
mined, and the necessary costs are determined. Any additional
costs that have been incurred since the introduction of the
previous vehicle class are allocated to the current vehicle
class. The procedure continues until all costs have been
allocated.
An advantage of using the incremental allocation method
to determine impact fee assessments is that it can be easily
performed using urban transportation planning methods as is
described later in this chapter. The major drawback to incre-
mental allocation is that the ordering of the vehicle classes
affects the cost allocation results. To illustrate this prob-
lem, consider the use of incremental allocation to determine
impact fees to be paid by two developments to improve a cer-
tain road. Say the two developments each generate 800 vehicle
trips on the road and that before the developments the road
has an excess capacity of 1000 vehicles. Under the incremen-
-29-
tal cost allocation procedure, the first development to be
considered would not be allocated any costs; there would be no
need to improve the road as 200 vehicles of excess capacity
would still exist. The second development, however, would be
allocated the cost of improving the road since the additional
800 vehicles would put the road over capacity. Obviously,
reversing the order in which the developments are considered
would reverse the results; the costs would be allocated to the
first development. In this case neither result is desirable;
the objective of consistency between the costs allocated to
the two developments would require that costs be allocated
equally between the two developments.
It should be pointed out that incremental allocation can
refer to either the allocation of costs as in the above
example or allocation of traffic. The latter method is
described later in this chapter as traffic assignment proce-
dures are discussed.
2.1.2 Proportional Allocation
In this method costs are allocated to each vehicle
class in proportion to its use. The use of a facility can be
measured in appropriate terms for the allocation problem (e.g.
traffic volume, passenger-car or single axle load equivalents,
vehicle weight). For use in determining impact fees, use
would be defined in terms of traffic volume in vehicles or
-30-
passenger-car equivalents.
The concept of proportional allocation is appealing
because of its inherent fairness; developments are responsible
for their own shares of the traffic increase. It overcomes
the problem of ordering the vehicle classes (unless they are
arbitrarily ordered in the traffic assignment process) and
thus insures consistency among developments. The disadvantage
of this method is that the volumes attributable to each devel-
oper cannot be measured solely using traditional transporta-
tion techniques unless the developments are arbitrarily
ordered in the assignment process. This fact will be demon-
strated later in this chapter.
2.1.3 Uniform Traffic Removal
This method was introduced in the Federal Highway Cost
Allocation Study [4] and is described in detail by Hendrickson
and Kane [6]. It is based on a cost function which, in the
case of impact fee assessment, relates the cost of improving a
facility to the traffic generated by developments using the
improvement. The uniform removal technique uniquely satisfies
four properties [6]:
--the sum of costs allocated to each development equals
the total cost to be allocated. This property corre-
sponds to the objective of covering improvement costs.
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Note that the total cost can be defined as something
other than total construction costs; for instance, it
can account for user costs, the "double-counting" prob-
lem, etc.
--costs allocated to any development are nonnegative.
--the cost allocation procedure is additive. This prop-
erty means that if a development is redefined as two
smaller developments whose total size equals that of
the original development, the total costs allocated to
the new developments equal the cost that would have
been allocated to the original.
--cost allocation is consistent; developments that are
identical in their effect on costs are allocated costs
in proportion to their use of the facility. This prop-
erty corresponds to the objective of consistent fee
assessment among developments.
The uniform traffic removal method is derived as follows.
Let x = (Xl,...,Xn) be the vector of traffic generated by each
of n development sites, where xi is the traffic generated by
development i. Let f(x) be the cost function associated with
x where f(O) = 0. It is assumed that the cost function is
continuous and has a nonnegative first derivative, i.e.
af/axi a 0. The cost function may in reality be a step func-
tion for roadway improvements since capacity is added by lane
and not on a continuous basis. A suitable approximation such
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as a logistic curve may be used to ensure that the restric-
tions on f(x) are satisfied.
The uniform removal method is applied by simultaneously
removing equal portions of each development's traffic from the
total traffic stream x until all costs are attributed. The
allocation to development i is given by [6]:
ci(x) = xi f(t'xl,...,t'Xn) dt
Since a vehicle has the same effect on improvement costs
regardless of which development it is generated by, it can be
shown that, for a single project:
ci(x) = f(x) (xi/xt)
n
where xt = X xi
i=1
In other words, for the impact fee assessment problem, the
uniform removal technique is equivalent to a proportional
allocation.
2.2 Traffic Determination Methods
Regardless of the cost allocation method used, a method
of determining traffic levels on individual highway segments
is needed to determine variable impact fee assessments based
on traffic. This method must be able to estimate traffic lev-
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els for any given development scenario. Traditionally, such
estimation is performed using urban transportation planning
techniques.
The traditional urban transportation planning approach
consists of a four-step process: trip generation, trip dis-
tribution, mode choice, and traffic assignment [19]. The
process is carried out by dividing the study area into analy-
sis zones and modeling the highway system as a network. The
analysis zones are generally subareas of relatively homoge-
neous tripmaking activity. Zone centroids are highway network
nodes that serve as the origins and destinations of trips gen-
erated in the individual zones.
Trip generation is the process of estimating the number
of trips that begin or end within each zone. This procedure
is usually accomplished through the use of generalized rates
per unit of various types of development (retail, housing,
industrial, etc.) [7,19]. Trip distribution consists of
determining the origins and destinations of the trips identi-
fied during trip generation. The result is a trip table con-
taining the number of trips from each origin zone to each
destination. Common distribution methods include estimation
from survey data and the gravity model. The gravity model
distributes trips based on a formula that predicts that the
number of trips between two zones is proportional to the num-
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ber of trips generated in the zones and inversely related to
the travel time between them. Mode choice refers to the esti-
mation of the number of trips for each origin-destination pair
that use each of the available transportation modes (private
automobile, bus, carpool, etc.).
In traffic assignment the routes taken by trips specified
in the trip table (primarily automobile trips) are determined.
If proportional allocation is used, two trip tables are
assigned: the base trip table (no development) and the total
trip table, including trips generated by all new developments.
The difference in traffic on a given road between the two
assignments is the traffic generated by the new developments;
it is this traffic that is allocated proportionally among the
developments. The difficulties in doing this under certain
assignment assumptions are described later in this section.
In incremental allocation, trip tables are sequentially
created during trip distribution beginning with the base trip
table, with each successive table adding the trips to and from
an additional development until all developments have been
added. Under incremental cost allocation the costs of
improvements made necessary on a highway by the additional
traffic assigned when a development is added are allocated to
that development. Under incremental traffic allocation the
difference in traffic between the assignments before and after
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a development is added is allocated to the development; total
costs are then allocated to each development proportionately
to the traffic allocated to it. As mentioned in the above
discussion of incremental allocation, the ordering of the
developments affects the allocations to the developments.
Two proposed allocation methods that use the concept of
incremental allocation but avoid the problem of ordering the
developments are referred to as the "addition method" and the
"subtraction method." In the addition method, a trip table is
constructed for each development including only base trips
plus trips generated by that development. The differences in
the traffic volumes assigned from the new trip table and the
base trip table are allocated to the development. In the sub-
traction method, the trip table constructed for each develop-
ment includes trips to all developments except that develop-
ment; the allocated traffic is the difference between the new
trip table and the total trip table. To ensure that costs are
covered, the volumes for each development can be factored so
that the sum of the volumes on each link attributable to the
developments equals the difference between the volumes
obtained by assigning the base trip table and the total trip
table. However, while the addition and subtraction methods
are not order-dependent, they do not necessarily yield consis-
tent results as is shown in Chapter 5.
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Some common traffic assignment methods are described below:
All-or-Nothing - In this method the shortest paths
between each pair of zone centroids are found based on
the travel times for the links in the network. These
travel times may be estimated, free-flow times, or
obtained from field observations. The trips between each
origin and destination are then assigned to each link on
the calculated path.
Incremental Capacity Restraint - First, the number of
iterations and the percentage of total traffic to be
assigned during each iteration are determined. For
example, four iterations could be performed with 40% of
the traffic being assigned on the first iteration, 30% on
the second, 20% on the third, and 10% on the fourth. The
free-flow travel time on each link is then calculated.
The next step is to find the shortest paths between each
pair containing an origin and destination zone, as in the
all-or-nothing assignment. For each origin-destination
pair, the percentage of trips to be assigned during the
current iteration between the origin and destination is
added to the volumes of the links on the calculated path
between them. Then, using link performance functions,
the link travel times are recalculated based on the vol-
umes assigned so far. These travel times are used in the
next iteration to find the shortest paths. The process
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of recalculating link travel times, finding "shortest"
paths, and assigning traffic is continued until all traf-
fic has been assigned.
Iterative Capacity Restraint - This assignment procedure
is similar to the incremental capacity restraint assign-
ment except that all traffic is assigned during each
iteration. The result is a series of all-or-nothing
assignments with updated travel times that can be con-
tinued until a desired number of iterations is completed
or some convergence criterion has been met. The concept
is that the travel times should eventually converge to
approximate equilibrium travel times with an all-or-
nothing assignment performed with these more accurate
times.
Equilibrium Assignment - An equilibrium assignment is one
in which no commuter can improve his own travel time by
changing routes and thus has no incentive to do so [18].
This concept is complicated by the fact that as more
vehicles use a highway, the more congested it becomes and
the higher the travel time along it. Equilibrium assign-
ment uses link performance functions to relate travel
time on a link to the volume using it. The equilibrium
assignment is performed by solving a nonlinear optimiza-
tion; the most common method for doing this is the Frank-
Wolfe "convex combinations" algorithm [5].
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In an equilibrium assignment an increase in the number of
trips to be assigned between two zones would result in an
increase in traffic along all routes used to travel between
the two zones (and possibly the introduction of travel along
other routes). An important characteristic of equilibrium
assignment is that while the link volumes obtained for a given
trip table and set of link performance functions are unique,
the path volumes for each route taken between any origin and
destination are not (18]. While equilibrium assignment is a
preferred assignment technique, it has some drawbacks, notably
that the effects of junction congestion and delay are not
modeled [9].
Historically, equilibrium assignment over large networks
with many zones has been cumbersome, even when using efficient
computer programs. Thus many other assignment techniques have
been used in practice, with the result of less accurate
modeled traffic volumes. Some of these techniques--for
example, capacity restraint techniques--are intended to
approximate equilibrium conditions while others (e.g. all-or-
nothing assignment) are simply attempts to substantially
decrease the amount of computation in and to simplify the
assignment process. The simpler methods are in more wide-
spread use than equilibrium assignment because of compatibil-
ity with past modeling efforts and the variety of available
computer software.
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The urban transportation planning procedure can easily be
applied to the estimation of traffic volumes generated by
developments [3]. First existing conditions are modeled.
When the model has been calibrated--that is, when it simulates
existing traffic conditions fairly accurately--the assignment
procedure can be applied to a future trip table containing the
additional trips generated by new developments. Thus the link
volumes resulting from the developments can be identified.
This assignment could also be used as a basis for determining
where future highway improvements may be needed.
When there is more than one development under consider-
ation, the volumes attributable to each individual development
must be known in order to assess impact fees. In this case,
however, equilibrium assignment does not provide this informa-
tion. As previously mentioned, although the volume assigned
to each link under equilibrium assignment is unique, path vol-
umes between individual origins and destinations are not. To
illustrate this property, consider the network shown in Figure
2-1.
Sample Network 1 consists of a simple four-node network
where two nodes (A and B) represent developments (origins) and
one node (D) a destination. Assume for now that links 1 and 2
are equivalent in terms of length and capacity. Assume that
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Figure 2-1
Sample Network 1
Link I
Link 2
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there is a demand of 200 vehicles between A and D and 200
vehicles between B and D. Equilibrium assignment would result
in volumes of 200 on both Link 1 and Link 2. However, the
path volumes are unknown. For example, the 200 vehicles on
Link 1 could be all from Node A, all from Node B, or some from
each origin. While in this simple network it is easy to
determine the allocation that is consistent among the develop-
ments (100 vehicles on each link from each origin), it would
be extremely difficult to do so for a realistic network with
hundreds of nodes and links.
Equilibrium assignment cannot identify the origin and
destination zones of individual vehicles using a link. This
is not the case with all-or-nothing assignment since there is
only one path for each origin-destination pair. Similarly,
when using equilibrium approximation techniques that are iter-
ative and use series of all-or-nothing assignments (e.g.
capacity restraint), the origins and destinations of traffic
along a link can be identified. These techniques, however,
are inferior to equilibrium assignment in terms of the accu-
racy of modeled volumes.
2.3 Summary
Highway cost allocation methods can be used to devise
impact fee programs that meet the objectives of assessing
costs consistently among developments and meeting a revenue
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target. The incremental allocation method does not guarantee
consistency, but the proportional and uniform removal alloca-
tion methods, which are equivalent for the case of impact fee
assessment, do provide consistent allocations among develop-
ments.
To assess impact fees using the proportional or uniform
removal allocation methods, the projected traffic attributable
to each development must be known. This is traditionally
determined through the use of urban transportation planning
techniques, which consist of trip generation, trip distribu-
tion, mode choice, and traffic assignment. The choice of trip
distribution and assignment methods may affect the allocations
to individual developments. The preferred method for traffic
assignment is equilibrium assignment.
Equilibrium assignment can be used to provide estimates
of the total traffic generated on any given highway by a group
of developments. Due to the nonuniqueness of path volumes,
traditional equilibrium assignment is incapable of providing
the information necessary to determine the traffic generated
by any individual development within the group. Thus a need
exists to develop a technique for determining vehicle origins
and destinations from an equilibrium assignment.
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The next chapter describes some existing impact fee pro-
grams and discusses how they deal with some of the aforemen-
tioned problems. Chapter 4 presents an empirical study of the
effects of different assignment and distribution techniques
that supports the statements made in this chapter about their
effect on cost allocations. Methods that attempt to solve
some of the problems described above are described in Chapter
5.
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CHAPTER THREE
REVIEW OF EXISTING IMPACT FEE PROGRAMS
Chapter 2 introduced some of the well-known highway cost
allocation methods as well as the traditional transportation
planning techniques that can be used in determining impact
fees. Also described were some of the problems associated
with the use of these techniques. In this chapter some of the
existing impact fee programs are described. Some programs use
some of the methods described in the last chapter and have
some of the corresponding problems.
3.1 Existing Impact Fee Applications
Impact fees have been used for several years. There are
many current examples of all types of impact fee programs.
Two of these are described in detail below while others are
briefly summarized. These examples are chosen to demonstrate
specific types of programs and to point out some of the prob-
lems and drawbacks to using impact fees.
3.1.1 Broward County TRIPS Model
The TRIPS (Traffic Review and Impact Planning System)
model [2] was developed by the Broward County (Florida) Office
of Planning and its consultants. The model was developed to
enforce the county's Land Development Code, which mandates the
adequacy of public facilities prior to the issuance of devel-
-45-
opment orders. The TRIPS model consists of three steps--trip
generation, trip distribution, and traffic assignment--
corresponding to the traditional urban transportation planning
procedure described in Chapter 2. (Mode choice is accounted
for by generating only automobile trips.)
The trip generation step consists of determining, for a
given development, the number of new automobile trips that
will be generated. Trip distribution is done among "centers
of influence" (corresponding to analysis zones) through the
use of a gravity model. Traffic assignment is performed
though the all-or-nothing method for the development-generated
trips; base traffic, which includes traffic generated by pre-
viously approved developments, is not reassigned. Thus it is
easy to determine the additional traffic on each highway link
that can be attributed to the development.
The additional traffic on a link is multiplied by a fac-
tor of 0.43 to obtain the traffic attributable to the develop-
ment. This factor results from a 14% decrease to account for
the relatively coarse highway network used (recognizing that
some traffic would use roads not on the network) and a 50%
reduction to eliminate the "double-counting" problem described
in Chapter 1.
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An interesting aspect of the Broward County procedure is
the way the impact fees are assessed. The county's Regional
Transportation Plan contains a listing of proposed highway
improvements, generally capacity-increasing projects. If the
additional traffic attributed to a development causes a high-
way slated for improvement to operate at an unacceptable level
of service (or adds more traffic to'a road that will operate
unacceptably due to previously approved developments), an
impact fee is assessed. The amount of the fee corresponds to
the percentage of the total capacity increase provided by the
improvement that is used by traffic attributed to the develop-
ment. The fee paid by the developer is put into a fund that
will eventually be used to pay for the improvement when it is
constructed.
A simplified example illustrates how the TRIPS model
works. Assume that a certain proposed development will cause
an increase of 500 vehicles per day (vpd) on a highway,
according to the TRIPS model. Assume further that there is a
proposal on the Regional Transportation Plan to widen the road
to increase its capacity from 16,000 vpd to 36,000 vpd also
assume that current traffic is 12,000 vpd while additional
traffic from previously approved developments totals 4000 vpd.
(Assume that a volume/capacity ration of less than 1.0 is con-
sidered acceptable for this highway.) The cost of the pro-
posed improvement is $1,000,000. Thus the cost of the
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improvement on a per vehicle of capacity basis is $1,000,000 +
(36,000 - 16,000) or $50. Since the highway's base volume is
equal to its capacity, the additional trips attributed to the
development will be in excess of existing capacity. Thus the
developer is assessed for 500 x 0.43 = 215 trips at $50 per
trip for a total of $10,750.
There are several drawbacks to the TRIPS model that might
make it unsuitable in some jurisdictions. Since some develop-
ment-generated trips may have one end at an existing trip gen-
erator or outside Broward County, the other 50% of the cost of
the trip might never be collected. Since some trips will
undoubtedly fall into this category, the costs of improvements
will not be covered. The problem of responsibility for exter-
nally generated trips, however, is not as great when fees are
assessed on a countywide rather than on a smaller (e.g. munic-
ipal) level. A second potential problem is the inconsistency
of the allocations over time. For example, a development
larger than the one in the example above could have been
charged no fee if it were one of the "previously approved"
developments contributing to the 4000 trips per day above cur-
rent traffic. This is the result of an incremental cost allo-
cation where the developments are ordered chronologically by
the times of their approvals.
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There are some characteristics of the TRIPS model that
could cause some errors in the traffic impacts attributed to
developments. For example, the all-or-nothing assignment
procedure limits the number of links for which a development
can be charged an impact fee. Only those links that lie along
the shortest paths from the development to the other "centers
of influence" will have new traffic assigned to them. Fur-
thermore, traffic along many of these links will be under-
stated if in fact the traffic generated by the development
uses paths other than the shortest paths. The errors result-
ing from the traffic assignment will be small for developments
that generate small amounts of traffic. They could be signif-
icant, however, for large developments or when nearby approved
developments have had significant volumes already assigned to
links along the shortest paths to other "centers of influ-
ence." This problem is the result of a tradeoff between the
savings in computation time--which is substantial for a large
network such as Broward County's--associated with all-or-
nothing assignment and the greater accuracy of equilibrium or
equilibrium approximation assignment techniques. The errors
are assumed to be minor for the large network due to the rela-
tively small volumes generated by developments relative to the
larger base volumes already on the network.
In general, Broward County officials feel that the impact
fee ordinance and the TRIPS model are working well [20].
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Since the implementation of the TRIPS model, there have been
no legal challenges to the fees by developers, and the fees
collected have been used to help pay for needed roadway
improvements.
3.1.2 Newport Beach Ordinance
The City of Newport Beach, California passed an ordinance
requiring developers to make improvements at any signalized
intersection that would operate at over 90% of capacity if the
development were constructed [13]. The developer is required
to conduct a traffic analysis--which is reviewed by the city
traffic engineer--and to construct any improvements necessary
to reduce the intersection's volume/capacity ratio to 90% or
lower. (The method of traffic analysis is left to the devel-
oper and is subject to review by the city engineer.) If the
intersection is already operating at more than 90% of capac-
ity, the developer is required to improve the intersection to
its existing level of operation prior to development. Com-
pliance with the ordinance is necessary in order for the
development to obtain necessary building and occupancy per-,
mits.
Since the developer is responsible for conducting the
necessary traffic analysis, there is no single distribution or
assignment technique used. This could lead to inconsistencies
among the methods used to determine traffic impacts although
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the municipal review of the traffic studies should somewhat
alleviate this concern. It should be noted that only major
intersections are analyzed. Any method of sharing improvement
costs among a group of developers of costs attributable to all
of them is solely up to the developers themselves [21].
The Newport Beach ordinance differs from Broward County's
in several ways. First, the Newport Beach ordinance is only a
municipal ordinance, meaning that neither a development's
impacts outside the city nor the impacts in Newport Beach of a
development located outside the city are included. These
external impacts are more likely to be significant in a small
city than in a larger geographic area like an entire county.
Another major difference between the two ordinances is
that under the Newport Beach ordinance the developers are
responsible for making the improvements themselves rather than
contributing a portion of their costs. Thus no fees are col-
lected by the city, and the developer has an incentive to con-
struct the improvements as cost-efficiently as possible. A
third difference between the ordinances is that the Newport
Beach ordinance is set up so that the development dictates the
nature of the improvements, while Broward County's Regional
Transportation Plan dictates the improvements for which devel-
opers are to be assessed.
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Finally, Newport Beach charges developers for the entire
traffic impacts of their developments while Broward County
charges developers only for half of each new trip. In other
words, in Newport Beach the development is responsible for all
new trips generated regardless of the locations of the other
ends of the trips. This means that the double-counting prob-
lem is not addressed and that it is possible for intersection
improvements to be overdesigned. On the other hand, covering
the costs of making the needed improvements is ensured.
Newport Beach officials are generally pleased with the
ordinance and feel that it is working well. Eighteen inter-
sections had been improved through 1985 by developers because
of the ordinance [21]. Although some developers have com-
plained about making roadway improvements, they must accept
the provisions of the ordinance if they desire to build in
Newport Beach.
3.1.3 Other Impact Fee Programs
There are many other impact fee programs being used
throughout the United States. Some of the more interesting
are briefly described below.
Palm Beach County, Florida [22] - Under this system, forty
impact zones are defined within the county. New developments
within any one of these zones are assessed a flat fee based on
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the number of trips they are expected to generate at the time
the building permit for the development is issued. The col-
lected fees are placed into a fund used for traffic improve-
ments on the major roads and bridges located within the zone.
Developers may also make road improvements themselves, the
costs of which are credited against the impact fee.
Impact fees are calculated from the following formulae:
Residential fees = (1/2 external trips/capacity of one
lane) x (Cost to construct'one lane for three miles)
Nonresidential fees = (1/2 external trips/capacity of one
lane) x (Cost to construct one lane for one mile)
In these formulae, "external" trips refer to trips that leave
the development site. Residential developments are charged a
greater fee per trip because it is assumed that more of the
trips generated by nonresidential developments are captured
from traffic already using the major highway system.
The fees charged by Palm Beach County are classified as
flat fees since they are based solely on the size of the
development as measured by the number of trips it generates.
The fees do not account for the fact that the traffic impacts
of developments may vary by their locations. The impact
zones, which are roughly six-mile radius circles, are used in
an attempt to ensure that the developer paying the fee
receives a benefit in the form of improved highways.
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The major advantages of the Palm Beach County system are
the ease of the fee calculation and the predictability for the
developer. Developers, in fact, have been quoted as prefer-
ring the Palm Beach system to that in neighboring Broward
County because of its predictability. The problem with the
approach is that it is a flat fee system and that the fee is
not directly tied to the actual impact of the development.
Even the use of the impact zones does not address this concern
since the fee is constant for a development regardless of
whether it is located in a zone needing many or few highway
improvements or where within the hundred square mile zone it
is situated.
Orange County, California - Orange County levies fees on
developments in order to finance new freeway construction
[15]. Corridors were defined corresponding to three new free-
ways that are to be built, and all new developments within
these corridors are charged impact fees. The fees are propor-
tional to the amount of traffic generated, and they are
designed so as to yield over 60% of the constructions costs of
the new freeways.
The Orange County system is similar to Palm Beach's in
that impact zones--in this case corridors--are used to relate
the fee to benefits to be enjoyed by the developers. Fees
collected can be used only to pay for freeway construction in
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the corridor in which the development is located. The advan-
tages and disadvantages of both systems are therefore similar.
The major difference between the two programs is that the
revenues from the Orange County system are used to finance new
highway construction as opposed to improving existing roads.
Hudson, New Hampshire - The Town of Hudson, New Hampshire and
its consultant have developed an impact fee program that uses
transportation planning procedures and the proportional allo-
cation method [14]. The system predetermines the cost of
improving each major intersection and highway link along the
corridor experiencing the greatest traffic congestion. This
is similar to Broward County's system in that the fees are
used to pay for a previously approved set of highway improve-
ment projects.
The Hudson impact fee system allocates only a portion of
the total improvement costs to new developments. The propor-
tion of the capacity of the highway or intersection (after
improvement) that is not used by existing traffic is calcu-
lated (referred to as available reserve capacity), and this
fraction of the improvement cost is not allocated to new
developments. This is done to account for the benefits of the
highway improvement that are received by existing highway
users.
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The impact fee that a developer is charged is calculated
as follows:
1) The percentage of improvement costs to be allocated to
new developments is calculated for each highway link
and intersection in the corridor.
2) Determine for the development the amount of traffic it
will generate on each highway link and at each inter-
section in the corridor (expressed as a fraction of
the available reserve capacity). This requires a
traffic assignment of development-generated trips to
the corridor. Developers may reduce their traffic
impacts by adopting demand reduction strategies
(ridesharing, etc.).
3) Allocate costs for each link and intersection based on
the fraction calculated in 2) applied to the portion
of improvement costs to be allocated to new develop-
ments.
4) Any unused portion of reserve capacity will result in
that portion of costs being borne by the state or
municipal government.
The corridor highway network consists of a single highway
with roads branching off at intersections. Hence the network
is a tree, and there is only one path between the development
site and any other origin or destination node on the network.
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The resulting assignment using any technique will be all-or-
nothing. Fees are allocated proportionally to the traffic on
each network component and are consistent among developments
since traffic allocations are the same regardless of when a
development is added (unless it is added after the improve-
ments are made).
The advantages of Hudson's impact fee program include its
ease of application and its consistent treatment of develop-
ments. There are drawbacks to the system, including:
-- while the needs of the corridor are the most pressing
in Hudson, the effects of induced traffic from the
improvements or of traffic diversions to other routes
due to congestion are not considered. This is a
result of the tree network where no alternative paths
for trips to and from a development site or for
through traffic are considered.
-- although the traffic assignment method used is irrele-
vant to the amount of fees, the trip distribution
method can have a significant effect on the cost allo-
cation (as will be demonstrated in Chapter 4). No
single trip distribution technique is specified.
-- no timetable for improvements is specified in the pro-
gram. Fees collected from developers may sit in gov-
ernment accounts for many years before they are used.
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-- no statutory authority exists for the town to collect
impact fees. Currently the town uses the leverage of
the building permit for the development to ensure that
the developer pays the fee. Statutory authority for
impact fees in New Hampshire on a local option basis
may come in the near future.
3.2 Summary
This chapter has described two well-known impact fee
ordinances and some of the advantages and problems with the
two approaches. The Broward County ordinance requires devel-
opers to submit development plans to the county planning
office for analysis of the traffic impacts of the development.
Its advantages are the use of a well-tested technical model
and its relative ease of use for impact fee determination.
Drawbacks include the potential for improvement costs not
being covered by the fees collected and possible incon-
sistencies among fees charged to different developers due to
the incremental nature of the cost allocation method used and
the use of all-or-nothing assignment for development-generated
trips.
The Newport Beach ordinance requires each developer to
provide a traffic analysis showing the effect of his develop-
ment on the city's major intersections. If the development's
construction causes any intersection to operate at an unac-
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ceptable level of service, the developer is required to
improve the intersection before the development is permitted
to open. Advantages include that the costs of all improve-
ments are covered by the developers and that the needed
improvements must be made. Disadvantages include the lack of
provision for impacts on roads other than those on the pre-
specified list of major intersections, the lack of consider-
ation of external impacts (outside the city), the potential
for double-counting generated trips and thus overdesigning an
intersection, and the potential for inconsistency among the
traffic analyses for different developments.
Other impact fee programs reviewed in this chapter are
administered in Palm Beach County, Florida, Orange County,
California, and Hudson, New Hampshire. The former two are
flat fee programs and thus do not relate the fee charged to
the actual impact of the development.
This chapter focused on potential problems that could
theoretically occur with existing impact fee systems. Chapter
4 presents a case study that provides empirical evidence that
some of these problems, as well as those described in Chapters
1 and 2, can happen in practice.
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CHAPTER FOUR
ILLUSTRATION OF THE SENSITIVITY OF IMPACT FEES
TO TRAFFIC MODELING ASSUMPTIONS
As described in Chapter 2, there are many problems asso-
ciated with some of the cost allocation and traffic assignment
methods used in impact fee determination. These include:
Cost Allocation Methods:
--Incremental Allocation - ordering the developments
causes inconsistencies among the allocations of traffic
among developments.
--Proportional Allocation - traffic cannot be allocated
simply by running a series of assignments on different
trip tables associated with the various development
scenarios.
Assignment Techniques:
--All-or-Nothing Assignment - traffic is assigned to only
one path for each origin-destination pair, yielding an
inaccurate assignment if any congestion is present.
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--Capacity Restraint Assignment (Incremental or Itera-
tive) -more accurate than all-or-nothing assignment,
but still an approximation. Increased accuracy comes
only at the cost of increased computational time.
--Equilibrium Assignment - provides accurate assignment,
but the characteristic of nonunique path flows leaves
no method of determining origin or destination zones of
traffic on a road. Thus no unambiguous method for
determining traffic allocation to developments is pro-
vided.
To illustrate the effects of these problems, a case study
was performed on an actual urban highway network. This study
was performed to:
--compare the traffic allocations among different assign-
ment and distribution assumptions and thus illustrate
the sensitivity of impact fees to these assumptions.
--illustrate the problems associated with incremental
allocation.
--demonstrate the effects of using equilibrium approxima-
tion techniques.
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4.1 Case Study Description
A community in New Jersey was chosen for analysis in the
case study. This suburban community in the New York metro-
politan area is experiencing rapid office and residential
development. Several roads, including the interstate highway
passing through the town, are operating near capacity, and six
proposed developments totaling two million square feet of new
office space in the next few years are expected to greatly
exacerbate the congestion. The increased traffic would
require major roadway improvements, including widening of the
interstate, to ensure acceptable levels of service.
A traffic study done for the town by an engineering con-
sultant was used to provide information needed to perform the
three-step modeling process (mode choice was excluded since
nearly all trips in the town are made by private auto). The
data included roadway configurations, lengths, and capacities,
trip generation information for the community and the proposed
developments, and origin-destination trip tables based on sur-
vey information. The modeling tasks were performed using the
software package MicroTRIPS [17], developed by PRC Engineer-
ing, on an IBM PC microcomputer. Performing the distribution
and assignment tasks for a small network on a microcomputer
made the analysis of a large number of alternative assign-
ments, distribution, and development scenarios possible.
MicroTRIPS includes programs to perform trip generation, trip
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distribution (using a gravity model), and traffic assignment
using a variety of techniques including incremental capacity
restraint, iterative capacity restraint, and all-or-nothing
assignment procedures. These are the most commonly used traf-
fic assignment techniques in realistic applications. A proce-
dure for equilibrium assignment is not included in MicroTRIPS.
Figure 4-1 shows the highway network for the case study.
The six developments are located in six different zones
throughout the town; thus it was a simple task to separate the
traffic effects of the individual developments. The zones
experiencing development are: 14, 15, 23, 24, 26, and 27.
Each development is labeled throughout this chapter by the
zone in which it is located; Development 14, for example
refers to the development in zone 14.
4.2 Effects of Different Assignment Models
Three different assignment procedures were used to ana-
lyze peak hour development traffic: all-or-nothing, incremen-
tal capacity restraint, and iterative capacity restraint. The
incremental and iterative assignments were performed for a
total of four iterations, with the incremental procedure
assigning 40% of traffic during the first iteration, 30% dur-
ing the second, 20% during the third, and 10% during the
fourth.
-63-
Figure 4-1
Network for Case Study
A total of fourteen different development scenarios were
modeled in the case study:
--the base scenario (no development)
--the total development scenario (all developments)
--six scenarios that included the base scenario along
with one of the six developments
--six scenarios that included the total development sce-
nario without one of the six developments.
These fourteen scenarios provide the information necessary to
determine the traffic attributable to each of the six develop-
ments using both the addition and subtraction methods intro-
duced in Chapter 2. The same survey-based trip distribution
obtained from the consultant's report was used for all four-
teen scenarios. Table 4-1 displays peak hour traffic volume
data for eleven selected links for the three assignment proce-
dures under six selected development scenarios. These scenar-
ios correspond to the trip tables necessary to determine allo-
cations to Developments 14 and 24 using the addition and sub-
traction methods:
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Table 4-1
Peak Hour Traffic Volumes for Eleven Selected Links
for Selected Development Scenarios
under Three Assignment Procedures
BASE SCENARIO
AON INCREM. ITERATIVE
VOL. V/C VOL. V/C VOL. V/C
NODE NODE
12 77 4426 1.12 4426 1.12 4426 1.12
45 44 1228 0.81 1232 0.82 1228 0.81
53 4 6943 1.16 6938 1.16 6943 1.16
54 53 6932 1.16 6918 1.16 6602 1.10
63 61 1097 0.91 1054 0.87 614 0.51
64 63 1102 0.73 1057 0.70 622 0.41
77 12 3494 0.88 3503 0.88 3494 0.88
77 54 5532 0.92 5489 0.92 5395 0.90
83 84 919 0.61 1409 0.93 1043 0.69
84 56 1062 0.70 1557 1.03 1183 0.78
93 83 1240 0.82 1423 0.94 1324 0.88
SCENARIO 14 - Addition
AON INCREM. ITERATIVE
VOL. V/C VOL. V/C VOL. V/C
NODE NODE
12 77 4484 1.13 4484 1.13 4484 1.13
45 44 1254 0.83 1258 0.83 1254 0.83
53 4 7298 1.22 7295 1.22 7298 1.22
54 53 7347 1.23 7336 1.23 7062 1.18
63 61 1123 0.93 1064 0.88 640 0.53
64 63 1128 0.75 1065 0.71 678 0.45
77 12 3771 0.95 3779 0.95 3771 0.95
77 54 6007 1.00 5966 1.00 5870 0.98
83 84 919 0.61 1410 0.94 1043 0.69
84 56 1062 0.70 1558 1.03 1183 0.78
93 83 1240 0.82 1423 0.94 1324 0.88
SCENARIO 14 - Subtraction
AON INCREM. ITERATIVE
VOL. V/C VOL. V/C VOL. V/C
NODE NODE
12 77 4559 1.15 4560 1.15 4559 1.15
45 44 1689 1.12 1694 1.12 1689 1.12
53 4 8318 1.39 8313 1.39 8318 1.39
54 53 8381 1.40 8344 1.40 7172 1.20
63 61 1409 1.17 1347 1.12 1030 0.85
64 63 1414 0.94 1352 0.90 1023 0.68
77 12 4143 1.04 4152 1.05 4143 1.04
77 54 5890 0.98 5853 0.98 5708 0.95
83 84 1589 1.05 1651 1.10 1669 1.11
84 56 2098 1.39 2162 1.44 2169 1.44
93 83 1898 1.26 1928 1.28 1678 1.11
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Table 4-1 (cont'd)
Peak Hour Traffic Volumes for Eleven Selected Links
for Selected Development Scenarios
under Three Assignment Procedures
TOTAL SCENARIO
AON INCREM. ITERATIVE
VOL. V/C VOL.
1.16 4617
1.14 1720
1.45 8670
1.47 8762
1.19 1377
0.96 1378
1.11 4428
1.06 6333
1.05 1651
1.39 2162
1.26 1929
NODE
77 4617
44 1715
4 8673
53 8796
61 1435
63 1440
12 4420
54 6365
84 1589
56 2098
83 1898
V/C VOL.
1.16 4617
1.14 1715
1.45 8673
1.47 7470
1.14 1049
0.91 1049
1.12 4420
1.06 6121
1.10 1669
1.44 2169
1.28 1678
V/C
1.16
1.14
1.45
1.25
0.69
0.69
1.11
1.02
1.11
1.44
1.11
NODE
77
44
4
53
61
63
12
54
84
56
83
SCENARIO 24 - Addition
AON
VOL. V/C
4426
1373
7422
7422
1275
1280
3683
5532
1487
1630
1808
1.12
0.91
1.24
1.24
1.06
0.85
0.93
0.92
0.99
1.08
1.20
SCENARIO 24
AON
VOL. V/C
NODE
77 4617 1.16
44 1570 1.04
4 8194 1.37
53 8306 1.39
61 1257 1.04
63 1262 0.84
12 4231 1.07
54 6365 1.06
84 1021 0.68
56 1530 1.02
83 1330 0.88
INCREM. ITERATIVE
VOL. V/C VOL. V/C
4426 1.12 4426
1377 0.91 1373
7418 1.24 7422
7389 1.24 7048
1230 1.02 792
1231 0.82 800
3693 0.93 3683
5498 0.92 5395
1549 1.03 43
1696 1.13 183
1849 1.23 1643
1.12
0.91
1.24
1.18
0.66
0.53
0.93
0.90
0.02
0.12
1.09
- Subtraction
INCREM. ITERATIVE
VOL. V/C VOL. V/C
4617
1575
8190
8272
1199
1202
4238
6324
1594
2107
1388
1.16
1.05
1.38
1.39
1.00
0.80
1.07
1.06
1.06
1.40
0.93
4617
1570
8194
6982
1301
1294
4231
6183
1101
1601
1365
1.16
1.04
1.37
1.17
1.08
0.86
1.07
1.03
0.73
1.06
0.91
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NODE
12
45
53
54
63
64
77
77
83
84
93
NODE
12
45
53
54
63
64
77
77
83
84
93
NODE
12
45
53
54
63
64
77
77
83
84
93
--the base scenario
--the scenario including base trips plus trips generated
by Development 14 (24); labeled Scenario 14 (24) -
Addition in Tables 4-1 and 4-2.
--the total development scenario
--the scenario including trips to all developments except
Development 14 (24); labeled Scenario 14 (24) - Sub-
traction in Tables 4-1 and 4-2.
Similarly, Table 4-2 shows turning movement information for
two nodes for the base scenario, Scenario 24 - Addition, Sce-
nario 24 - Subtraction, and the total scenario. This informa-
tion is necessary to determine the traffic allocations to
Development 24 at these two major intersections.
Tables 4-3 and 4-4 show respectively the peak hour traf-
fic volumes and turning movements attributable to selected
developments for the three assignment procedures. For
example, the volume on link 12-77 in Table 4-3 attributable to
Development 14 using the addition method is the difference
between the volumes on the link for Scenario 14 - Addition and
the Base Scenario (4484 - 4426 = 58). The tables show some
large differences among the assignment procedures and between
the addition and subtraction methods. In some cases, negative
numbers were calculated for the traffic attributable to a
development; this occurred when traffic was diverted from a
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Table 4-2
Turning Movement Volumes for Selected
Development Scenarios under Three Assignment Procedures
Nodes 54 and 57
NODE DIR TM
54 NB LT
TH
RT
SB LT
TH
RT
EB LT
TH
RT
WB LT
TH
RT
57 NB LT
TH
RT
SB LT
TH
RT
EB LT
TH
RT
WB LT
TH
RT
AON
VOL
295
277
356
1458
419
286
164
5118
250
501
2640
793
262
757
113
6
614
75
363
41
0
487
57
17
BASE SCENARIO
INCREM. ITER.
VOL VOL
279
293
356
1481
423
405
165
5081
243
502
2621
768
103
701
118
5
411
234
353
47
0
341
202
17
242
330
356
1252
430
277
162
4994
239
501
2552
410
0
192
157
3
265
64
271
94
0
511
73
11
SCENARIO 24 - Addition
AON
VOL
295
298
356
1948
497
286
164
5118
250
501
2640
931
421
757
113
6
614
75
363
41
0
487
57
17
INCREM. ITER.
VOL VOL
242
351
356
1698
508
277
162
4994
239
501
2552
548
0
192
157
3
265
64
66
94
0
511
73
11
279
315
356
1944
501
288
164
5089
249
502
2621
905
168
701
116
4
551
78
333
47
0
486
58
16
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Table 4-2 (cont'd)
Turning Movement Volumes for Selected
Development Scenarios under Three Assignment Procedures
Nodes 54 and 57
SCENARIO 24 - Subtraction TOTAL SCENARIO
AON INCREM. ITER. AON INCREM. ITER.
VOL VOL VOL VOL VOL VOL
NODE DIR TM
54 NB LT 304 274 251 304 274 251
TH 320 350 385 341 370 406
RT 356 356 344 356 356 344
SB LT 2149 2152 1103 2639 2635 1591
TH 506 509 517 584 587 595
RT 651 650 636 651 648 636
EB LT 272 274 367 272 274 305
TH 5801 5764 5535 5801 5771 5535
RT 292 256 281 292 288 281
WB LT 501 502 501 501 502 501
TH 2782 2739 2694 2782 2739 2694
RT 982 984 1072 1120 1120 737
57 NB LT 346 138 0 505 201 0
TH 791 718 693 791 717 158
RT 253 266 412 253 266 412
SB LT 8 7 3 8 7 3
TH 628 401 282 628 561 280
RT 102 258 100 102 100 100
EB LT 491 457 388 491 437 183
TH 50 67 109 50 67 59
RT 0 0 0 0 0 0
WB LT 1148 803 373 1148 1147 373
TH 112 457 118 112 113 118
RT 27 23 10 27 23 10
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Table 4-3
Peak Hour Traffic Volumes on Eleven Selected Links
Attributable to Selected Developments
under Three Assignment Procedures
Addition
AON INCREM.
VOL. VOL.
58
26
355
415
26
26
277
475
0
0
0
58
26
357
418
10
8
276
477
1
1
0
DEVELOPMENT 14
ITER.
VOL.
58
26
355
460
26
5
277
475
0
0
0
AON
VOL.
58
26
355
415
26
26
277
475
0
0
0
Subtraction
INCREM. ITER.
VOL. VOL.
57
26
357
418
30
26
276
480
0
0
1
58
26
355
298
26
26
277
413
0
0
0
DEVELOPMENT 24
Addition
INCREM. ITER.
VOL. VOL.
0
145
480
471
176
174
190
9
140
139
426
0
145
479
446
178
178
189
0
-1000
-1000
319
Subtraction
AON INCREM.
VOL. VOL.
0
145
479
490
178
178
189
0
568
568
568
0
145
80
490
178
176
190
9
57
55
541
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NODE
12
45
53
54
63
64
77
77
83
84
93
NODE
77
44
4
53
61
63
12
54
84
56
83
NODE
12
45
53
54
63
64
77
77
83
84
93
AON
VOL.
0
145
479
490
178
178
189
0
568
568
568
NODE
77
44
4
53
61
63
12
54
84
56
83
ITER.
VOL.
0
145
479
488
-245
-245
189
-62
568
568
313
Table 4-4
Peak Hour Turning Movement Volumes Attributable
to Development 24 under Three Assignment Procedures
Nodes 54, 57, and 64
Addition Method Subtraction Method
AON INCREM. ITER. AON INCREM. ITER.
VOL VOL VOL VOL VOL VOL
NODE DIR TM
54 NB LT 0 0 0 0 0 0
TH 21 22 21 21 20 21
RT 0 0 0 0 0 0
SB LT 490 463 446 490 483 488
TH 78 78 78 78 78 78
RT 0 -117 0 0 -2 0
EB LT 0 -1 0 0 0 -62
TH 0 8 0 0 7 0
RT 0 2 0 0 32 0
WB LT 0 0 0 0 0 0
TH 0 0 0 0 0 0
RT 138 137 138 138 136 -335
57 NB LT 159 65 0 159 63 0
TH 0 0 0 0 -1 -535
RT 0 -2 0 0 0 0
SB LT 0 -1 0 0 0 0
TH 0 140 0 0 160 -2
RT 0 -156 0 0 -158 0
EB LT 0 -20 -205 0 -20 -205
TH 0 0 0 0 0 0
RT 0 0 1524 0 344 0
WB LT 0 145 0 0 -344 0
TH 0 -144 0 0 0 0
RT 0 -1 0 0 0 0
64 NB LT 0 -1 0 5 -8 0
TH 0 0 -1 0 0 0
RT 0 -21 -204 117 98 117
SB LT 0 0 0 0 0 0
TH 0 0 0 0 0 0
RT 0 0 0 0 0 0
EB LT 0 1 1 0 1 0
TH 178 195 382 0 0 0
RT 0 0 0 1 6 0
WB LT 0 0 0 26 44 25
TH 52 51 52 0 0 -100
RT 0 0 0 0 0 0
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road during the assignment procedure when the trips from a
development were added. The large differences among assign-
ment and allocation procedures and the negative traffic
assessments are explained in the next section of this chapter.
4.3 Effects of Different Distribution Models
Two different models of the distribution of trips among
the analysis zones in the town were analyzed--the origin-
destination trip tables based on survey information from the
consultant's report and the gravity model. Assumptions made
in performing the gravity model distribution included: total
trips in and out of each zone the same as in the consultant
report, no intrazonal trips modeled (less than 0.1% of trips
from the consultant's trip table were intrazonal), interzonal
travel times estimated from free-flow highway network speeds,
and impedances proportional to the square of the travel times.
All external-external trips (those beginning and ending out-
side the town) were modeled directly using external zones
(numbered 1 through 13) in the gravity model except for
through trips on the interstate (between zones 4 and 12),
which were adjusted to reflect the high demand for travel
through town on this highway.
A summary of modeled traffic volumes under both distribu-
tion assumptions for four development scenarios for eleven
selected links is shown in Table 4-5. Volumes are shown for
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the base scenario (no development), with Development 24 only,
with all developments except Development 24, and with the
developments in all zones. For consistency the incremental
assignment procedure was used in all cases; as will be
described later in the chapter, it is felt to be superior to
the other available methods. As shown in Table 4-5, volumes
are generally lower under the gravity model distribution than
under the survey distribution for all four scenarios. The
differences between the two sets of traffic figures are sig-
nificant for some links, as much as 32% lower for the gravity
model distribution.
Table 4-6 shows the traffic volumes attributed to Devel-
opment 24 for the eleven links analyzed using both the addi-
tion and subtraction methods. Several links have traffic vol-
umes attributed to the development that differ greatly between
the two distribution models. In particular, links 77-54,
83-84, and 84-56 attribute several times more traffic to
Development 24 under the gravity model distribution than under
the survey distribution. These three links were assigned
total traffic volumes near capacity under the survey distribu-
tion but much lower volumes under the gravity model; thus
there was more capacity available for the development traffic
under the assumptions of the gravity model distribution.
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Table 4-5
Modeled Traffic Volumes for Selected Links
and Development Scenarios
Survey and Gravity Model Distributions
Link Capac. Base
Scenario
Survey G
12
45
53
54
63
64
77
77
83
84
93
77
44
4
53
61
63
12
54
84
56
83
3950
1500
5950
5950
1200
1500
3950
5950
1500
1500
1500
4426
1232
6938
6918
1054
1057
3503
5489
1409
1557
1423
Scenario 24
Addition
M Survey GM
4426
1121
6852
5887
806
721
3562
4974
1117
1170
1303
4426
1377
7418
7389
1230
1231
3693
5498
1549
1696
1849
4430
1266
7318
6310
940
863
3754
5113
1401
1462
1548
Scenario 24
Subtraction
Survey GM
4617
1575
8190
8272
1199
1202
4238
6324
1594
2107
1388
4617
1466
8079
7064
950
870
4317
5605
1359
1692
1405
Total
Scenario
Survey GM
4617
1720
8670
8762
1377
1378
4428
6333
1651
2162
1929
4620
1598
8548
7506
1078
1010
4516
5717
1662
2007
1701
GM - Gravity Model Distribution
Table 4-6
Traffic Volumes Attributed to Development 24
Survey and Gravity Model Distributions
Addition
Survey GM
0 4
1232
6938
6918
1054
1057
3503
5489
1409
1557
1423
1121
6852
5887
806
721
3562
4974
1117
1170
1303
Subtraction
Survey GM
0 3
1377 1266
7418 7318
7389 6310
1230 940
1231 863
3693 3754
5498 5113
1549 1401
1696 1462
1849 1548
GM - Gravity Model Distribution
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Link
12
45
53
54
63
64
77
77
83
84
93
77
44
4
53
61
63
12
54
84
56
83
4.4 Analysis of Case Study Results
The case study results reveal that there are significant
differences in assigned traffic volumes among models using
different distribution and assignment techniques. Traffic
volumes attributable to individual developments were not con-
sistent among techniques, and some assignment techniques
attributed unreasonable or negative volumes to certain devel-
opments. This section attempts to explain some of the pos-
sible reasons for these problems and their effect on the use
of transportation planning-based methods for determining
impact fees.
4.4.1 Analysis of Assignment Techniques
A simple example can be used to demonstrate the differ-
ences among the three assignment techniques analyzed. Con-
sider the simple four-link network (Sample Network 2) shown in
Figure 4-2. Assume that the free-flow travel times on links
1-A, 1-B, and A-2 are all 10.00 minutes and that the free-flow
travel time on link B-2 is 10.01 minutes. Assume further that
the capacity of each link is 1000 vph and that there is an
origin-destination flow of 1000 vehicles from node 1 to node 2
during the peak hour. In an all-or-nothing assignment all
1000 vehicles would be assigned to the path 1-A-2 and nothing
would be assigned to links 1-B and B-2. If an incremental
capacity restraint assignment were used with the same parame-
ters as in the case study, 500 vehicles would be assigned to
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Figure 4-2
Sample Network 2
-77-
each of the two O-D paths (400 in iteration 1 and 100 in iter-
ation 4 to path I-A-2 and 300 in iteration 2 and 200 in iter-
ation 3 to path 1-B-2). In an iterative capacity restraint
assignment, the assignment of all 1000 vehicles would flip-
flop between the two routes during each iteration. If an even
number of iterations is run, all vehicles would be assigned to
route 1-B-2; after an odd number of iterations, 1000 vehicles
would be assigned to route 1-A-2. Obviously, the incremental
method produces what is intuitively the most reasonable
assignment and the best approximation to expected equilibrium
conditions, which would be close to a 50-50 split between the
two routes.
Although Sample Network 2 was oversimplified to emphasize
the differences between assignment techniques, large differ-
ences among the techniques' results can also be seen in the
case study volumes. Some of these differences occur in the
base scenario; these variations then carry over to the devel-
opment scenarios. If, for example, the all-or-nothing assign-
ment yielded a link volume 500 vehicles higher for the base
scenario than the incremental assignment, it could also be
expected that the assigned volume for that link would be 500
vehicles higher for the development scenarios. This occur-
rence was, in fact, common on many links in the case study.
The traffic attributed to a particular development on such a
link would be unaffected by the choice of assignment technique
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(assuming use of the addition method) since the difference
between the development and base scenario volumes would be the
same.
As lpore traffic is assigned to the link for the develop-
ment scenarios, however, the link could become more congested.
In the incremental method, the travel time would increase dur-
ing each iteration, and some traffic could be diverted to
other routes. (The iterative method might divert all of the
traffic from certain O-D pairs to other routes.) In this case
the traffic on that link attributed to a development would be
lower under the incremental method than all-or-nothing. Traf-
fic would also be attributed to the development on links to
which the incremental method diverted trips whereas no traffic
would be attributed to the development on these links under an
all-or-nothing assignment.
As an example, consider the turning movement volumes at
node 57 attributed to Development 24 (using the addition
method) shown in Table 4-4. The all-or-nothing method attrib-
uted only 159 northbound left turns at the intersection to the
development. The incremental assignment attributed an
increase of only 65 northbound left turns and also predicted a
shift of vehicles leaving the intersection from the westbound
to the southbound leg, due to downstream congestion to the
west. The iterative method predicted a decrease in eastbound
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left turns as well as an unreasonably large increase (1524
vehicles) in demand for left turns from the east. The latter
increase is probably due to diversions from other congested
parts of the network. Throughout the fourteen scenarios, the
iterative method produced far more cases of "unreasonable"
(unusually large or negative) traffic volumes attributable to
individual developers than the other two methods. It should
be noted that the use of equilibrium assignment would ensure
that no negative traffic allocations to a development would
result. Under equilibrium assignment, a volume decrease would
lead to a travel time decrease on a link, and thus traffic
would increase when the equilibrium assignment is attained.
Since the incremental capacity restraint assignment
method is superior to the all-or-nothing method, it is reason-
able to assume that all-or-nothing assignment is used only
when incremental methods are unavailable due to time or
resource constraints or lack of available computer software.
Given the significant differences between the traffic assign-
ment results (and thus the resultant impact fee assessments),
it would make sense for those determining impact fees to pre-
fer the incremental assignment to all-or-nothing wherever pos-
sible. Since computation requirements are the same for both
the incremental and iterative procedures, the incremental
method is always preferable to the iterative.
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4.4.2 Analysis of Distribution Techniaues
As shown in Table 4-5, the modeled traffic volumes
obtained using the gravity model distribution were lower than
those obtained from the survey distribution. This result,
however, is due not to the nature of the gravity model formula
itself but to the assumptions made during this particular
application of the gravity model. In general, the lower vol-
umes can be attributed to the direct modeling of external-
external trips. Because most external-external trips travel
across the town, their travel times within the town are usu-
ally longer than those of trips that begin or end in the town.
The gravity model, which distributed trips in inverse propor-
tion to the square of the travel time between two zones, dis-
tributed relatively few external-external trips. In reality,
however, the large traffic volumes entering the town from cer-
tain external zones was probably due to the large demand for
through traffic. The assumptions made did not reflect the
large demand for external-external traffic except on the
interstate.
External-external trips are often modeled separately when
a gravity model is being employed. Some software packages
require the user to input the external-external trip table
before the internal zones are modeled. This approach was not
used in the case study because in a small geographic area,
such as a single town, the ratio of external to internal trip
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ends is much greater than in an entire urban area such as
those traditionally model using transportation planning meth-
ods. A model of a Massachusetts community smaller than the
town modeled in the case study showed that over 90% of the
trips modeled had at least one external end [1]. If external
trips were not modeled directly, the origin-destination tables
used in the two distribution models might not have differed
substantially enough for a comparison to be useful.
The higher survey distribution volumes during the base
scenario resulted in greater congestion on highway network
links than under the gravity model distribution. Thus when
development traffic was added onto base traffic, it was more
likely that traffic would have been diverted from the con-
gested links. The traffic increases on these congested links
attributable to development, which included many of those
selected for analysis, could be expected to be lower than
those with smaller base volumes, which have more capacity with
which to accommodate traffic increases.
Since modeled traffic volumes obtained using survey dis-
tributions can differ significantly from those obtained from
gravity models, the results obtained will always be dependent
on the distribution model chosen. It is recognized that the
choice of a distribution model is often limited (for example,
survey data may not be available). The case study results
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show that both the choice of a distribution model and the
assumptions behind the model chosen can affect the traffic
results that are obtained.
4.4.3 Analysis of "Addition" Vs. "Subtraction" Method of
Allocation
As Tables 4-3, 4-4, and 4-6 demonstrate, the addition and
subtraction methods described earlier in the paper can provide
different results in determining the amount of traffic attrib-
utable to an individual development. The addition method in
effect assumes that the development being analyzed will be the
first of the group to be constructed while the subtraction
method assumes that it will be the last. The differences in
volume assessments lead to the conclusion that the ordering of
developments can have a substantial effect on the assessments.
This is true regardless of the type of assignment procedure
used. In fact the ordering of developments is important even
in when using equilibrium assignment.
The overall traffic impacts of a group of developments
can be easily determined as was done in the case study (the
"total development" scenario). However, allocating traffic to
individual developments separately or adding them on incremen-
tally provides order-dependent results. Since impact fees
charged to a development are determined by the amount of traf-
fic attributed to the development, the order-dependent prop-
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erty of these allocation methods is inconsistent with the
objective of consistency among fees charged to developers.
4.5 Conclusions
Difficulties may arise in allocating the traffic gener-
ated by several developments on a facility to individual
developments. The choice of distribution and assignment mod-
els can affect the results of the traffic allocation. While a
true equilibrium assignment would be desirable, this is not
always available, and alternative methods can yield differing
results. Incremental capacity restraint is preferable to
iterative capacity restraint or all-or-nothing assignment, but
it takes more computational time and effort than all-or-
nothing. Even if incremental capacity restraint is performed,
it can yield unreasonable results. Use of all-or-nothing
assignment can produce allocations to developments that are
significantly different. Only equilibrium assignment can
ensure that traffic allocations to developments are nonnega-
tive. Care should also be taken in producing trip tables that
are as accurate as possible since differences in these tables
can also cause variation in the traffic allocations to devel-
opments.
Chapter 2 demonstrated that using incremental allocation
leads to inconsistent allocations among the developments.
This fact is borne out by the case study. The study also
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showed that the addition and subtraction methods, although not
order-dependent, also can yield undesirable and inequitable
results.
The case study presented in this chapter used all-or-
nothing and capacity restraint assignment techniques. The
next chapter examines some of the ways in which traffic can be
allocated to developments when the superior technique of
equilibrium assignment is used.
-85-
CHAPTER FIVE
TRAFFIC ALLOCATION METHODS
As stated in Chapter 2, there is no normative method for
allocating traffic between an origin and destination to indi-
vidual routes when using equilibrium assignment. As described
in Chapter 3, some existing impact fee systems get around this
problem by using other assignment procedures such as all-or-
nothing assignment. Chapter 4 demonstrated some of the prob-
lems with using traffic assignment procedures other than
equilibrium assignment. Even when equilibrium assignment is
used, the allocation of traffic on a particular highway seg-
ment to an individual development is not determined solely
from the traffic assignment. The nonuniqueness of path flows
is the cause for this problem, as stated in Chapter 2.
There are several approaches that can be used to attempt
to overcome the problem of allocating traffic increases to
individual developments. These include: the use of incremen-
tal allocation, averaging incremental allocation results,
using the intermediate steps in the Frank-Wolfe algorithm, and
the use of an entropy formulation. These methods, which are
described in detail later in the chapter, are summarized
briefly below.
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Use of Incremental Allocation - The developments are
ordered, perhaps chronologically. A base traffic
assignment is done, and assignments are performed as
each development's trips are added to the trip
table. The increase in traffic volume for each link
as a development is added is attributed to that
development.
Averaging Incremental Allocation Results - All possible
orderings of developments are considered, and incre-
mental allocation as described above is performed
for each ordering. The results of all allocations
are averaged.
Intermediate Steps in the Frank-Wolfe AlQorithm - As the
Frank-Wolfe algorithm is used to perform the equi-
librium assignment, the assigned volumes in the all-
or-nothing assignment performed at each iteration
are saved. These volumes are allocated to the
developments after convergence in the algorithm is
reached.
Entropy Formulation - A nonlinear program is solved,
yielding the maximum likelihood allocation of traf-
fic among the developments and other trip generation
points.
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As this chapter demonstrates, only the entropy formula-
tion satisfies the objective of consistency among developments
while providing a problem of manageable size in realistic
applications. The focus of the formulation is that while the
path flows cannot be uniquely determined in an equilibrium
assignment, the most likely distribution of the origin-
destination flows among the paths can be determined. This
provides a consistent method of allocating traffic to individ-
ual developments or traffic generators.
5.1 Use of Incremental Allocation
As previously discussed, the incremental allocation tech-
nique can be used directly along with urban transportation
planning methods to determine the traffic volumes attributable
to individual developments. First, the four-step process is
performed for the base condition (without any new develop-
ments). Then the developments are considered sequentially,
and the four-step process is repeated as each development is
added. For each development, trip generation consists of
determining the number of trips to and from the development.
Trip distribution consists of determining the origin zones of
trips to the development and the destinations of trips from
the development. These trips are then added to the base trip
table. Traffic assignment consists of assigning the new trip
table. The difference between the traffic assigned on each
link before and after the development's trips are added to the
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trip table is attributed to that development.
The incremental allocation method has several desirable
qualities including its simplicity and its suitability for use
in conjunction with traditional transportation planning soft-
ware packages. Its major drawback is that the developments
must be arbitrarily ordered, usually in chronological order of
their application for construction permits (as in Broward
County) or their actual completion (which may be unknown at
the time the impact fee is determined). Unfortunately, dif-
ferent orderings yield different results. Thus the objective
that fees be consistent among developments cannot be met when
applying incremental allocation directly.
One proposed allocation method that uses the concept of
incremental allocation but avoids the problem of ordering the
developments was introduced in Chapter 2 as the addition
method. In this method, to ensure that costs are covered, the
volumes for each development can be factored so that the sum
of the volumes on each link attributable to the developments
equals the difference between the volumes obtained by assign-
ing the base trip table and the "total" trip table (base plus
trips from all developments). A similar factoring technique
can be used when using the subtraction method.
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While the addition and subtraction methods are not order-
dependent, they do not necessarily yield results that are con-
sistent among developments. Consider the example of Sample
Network 3 shown in Figure 5-1. Let nodes A, B, and C repre-
sent development sites and D the destination of trips from the
developments (assume that in the time period under study,
there are no trips to the developments). Assume that a total
demand before development of 10,000 vehicles exists between
nodes 1 and D and that Developments A, B, and C will generate
2000, 3000, and 4000 trips respectively to node D. The
equilibrium volumes on Link 1 for all possible development
scenarios are shown in Table 5-1.
Table 5-1
Assignment Results for Sample Network 3
for Use in Incremental Allocation
Scenario Equilibrium Volume on Link 1
Base (no development) 2486
Development A only 2534
Development B only 2572
Development C only 2620
Developments A and B 2680
Developments A and C 2748
Developments B and C 2831
All developments 3022
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Figure 5-1
Sample Network 3
A
Link I
C
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Inspection of this simple network reveals that after the
initial link (site access), the paths for the three origins
are identical. Thus, in order to be consistent among the
developments, the desired traffic allocation would be an allo-
cation of the traffic increase on link 1 proportional to the
total number of trips generated for each development. This
would yield an allocation of 119 trips to Development A, 179
to Development B, and 238 to Development C.
Using the addition method, Development A would be respon-
sible for (2543 - 2486 =) 48 trips, Development B for 86 and
Development C for 134. Factoring these numbers so that the
total development-generated traffic of 536 is allocated, the
allocations become 96, 172, and 268 for Developments A, B, and
C respectively. Using the subtraction method, different
results are obtained. A total of 191 trips are allocated to
Development A, 274 to Development B, and 342 to Development C.
After factoring these allocations become 127, 182, and 227 for
Developments A, B, and C respectively. The addition method
allocations are far from the expected results, and while the
subtraction method results are reasonably close, they still
undercharge Development C at the expense of Development A.
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5.2 Averaging Incremental Allocation Results
Another procedure that would eliminate the order-
dependence property of incremental allocation is the averaging
of incremental allocation results. There is a finite number
of ways to order the developments for an incremental alloca-
tion procedure. For example, if two developments are under
consideration, there are two ways to order the developments;
if there are three developments, they may be ordered in six
ways. One would expect that if incremental allocation is per-
formed for every ordering of developments and the results are
averaged, a reasonable allocation of traffic would result.
This allocation would not be order-dependent. This procedure
is performed for the example used to illustrate the addition
and subtraction methods (Sample Network 3); the results are
shown in Table 5-2. As the table shows, the averaging yields
the expected proportional allocation.
The major drawback to the averaging method is that it is
far more time-consuming than simple incremental allocation.
In the example above, eight assignments are needed as opposed
to four for simple incremental allocation and five for either
the addition or the subtraction method. As the number of
developments increases, the number of necessary assignments
becomes prohibitively high since the number of different
orderings is equal to the factorial of the number of develop-
ments. The maximum number of necessary assignments is 2n,
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Table 5-2
Traffic Allocations for Sample Network 3
Under All Possible Orderings of Developments
Development Ordering Traffic Allocation
A B C
A B C 48 146 342
A C B 48 274 214
B A C 108 86 342
B C A 191 86 259
C A B 128 274 134
C B A 191 211 134
Average 119 179 238
where n is the number of developments. Thus if six develop-
ments are considered, there are 720 possible orderings of
developments, and up to 64 assignments could be needed.
5.3 Intermediate Steps in the Frank-Wolfe Algorithm
As previously discussed, the need to determine an algo-
rithm for allocating traffic increases to developments arises
from the property of equilibrium assignment that origin-
destination paths are not unique. This problem does not arise
in all-or-nothing assignment or procedures that are combina-
tions of successive all-or-nothing assignments, such as capac-
ity restraint assignment. The most common method of equilibri-
um assignment, the Frank-Wolfe "convex combinations" algorithm
[5], also uses a weighted series of all-or-nothing assign-
ments. Thus the results of the all-or-nothing assignments in
the Frank-Wolfe algorithm can be used to determine origins and
destinations for the vehicles using each link.
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The additional computation required to use the intermedi-
ate steps in the Frank-Wolfe algorithm in allocation is mini-
mal. No additional computations are necessary; only addi-
tional storage (or output) of the intermediate results is
required. Since the Frank-Wolfe algorithm converges fairly
quickly to an equilibrium assignment, the results can be
easily obtained. Unfortunately, the rapid convergence of the
Frank-Wolfe algorithm causes inconsistencies in the treatment
of various developments. These are illustrated using
Sample Network 4 shown in Figure 5-2.
In this network, nodes A and B represent development
sites while node D is the destination of trips from the site
(again, assume no trips to the site). Development A generates
400 trips while Development B generates 800. Table 5-3 shows
the equilibrium assignment results for the network and the
allocation of traffic to the two developments using the
intermediate steps in the Frank-Wolfe algorithm.
Table 5-3
Assignment Results for Sample Network 4 and Allocations
Using Intermediate Steps in Frank-Wolfe Algorithm
Link Equilibrium Traffic Allocation
Volume A B
A-1 400 400 0
B-1 559 0 559
B-D 241 0 241
1-D (1) 448 224 224
1-D (2) 511 176 335
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Figure 5-2
Sample Network 4
Link I
Link 2
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Note that the two links 1-D are assigned different vol-
umes because they have different characteristics (length,
capacity). However, the two developments are allocated equal
proportions of the traffic on link 1 while on link 2 Develop-
ment B is allocated almost twice as much of the traffic as
Development A. This counterintuitive result violates the
objective of consistency between the developments. If link 1
were scheduled for improvement, Development A would be respon-
sible for half of the cost (to be paid for by impact fees)
while if link 2 were to be improved, Development A would be
allocated only 34% of the costs. The desired result would be
an allocation proportional to the traffic each development
generates traveling into node 1, or 41% for Development A and
59% for Development B. The expected allocated traffic would
be 187 for Development A, 213 for Development B on Link 1 and
261 for Development A, 298 for Development B on Link 2.
It should be noted that the accuracy (in terms of consis-
tency) of this method depends on the geometry of the analysis
network. For some networks the method will provide reasonably
accurate results while for others the allocations will differ
greatly from the desired consistent allocations.
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5.4 Entropy Formulation
An entropy formulation is one in which the maximum like-
lihood distribution of a set of variables given a set of con-
straints is determined [23]. Applications of entropy formula-
tions are widespread. An entropy formulation can be used to
determine the maximum likelihood allocation to developments of
link volumes given the constraints of the origin-destination
flows (the trip table) and the equilibrium link volumes. This
section describes one possible entropy formulation.
In this description, only trips originating at the devel-
opment sites will be considered. The process can be easily
reversed to deal with trips to the development site. The for-
mulation will be described in terms of a simple example using
Sample Network 1 (Figure 2-1). This network consists of two
origin nodes (A and B), one destination node (D), and two
paths for O-D pair A-D and two for O-D pair B-D. For each
pair, one path reaches D via link 1 and one via link 2.
To describe the entropy formulation, several terms must
be defined. A "flow condition" will be defined as an alloca-
tion of the flows on each network link to the origin nodes.
Thus the objective function of the entropy formulation is to
find the most likely flow condition among those that result in
the equilibrium traffic assignment. Referring to Sample Net-
work 1, assume that the equilibrium volumes are 3 on link 1
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and 3 on link 2 and that Developments A and B generate 2 and 4
trips respectively. Thus there are three possible flow condi-
tions as shown in Table 5-4. For example, for flow condition
1, 2 of the 3 vehicles on link 1 are from Development A and
the other from Development B.
A "state" will be defined as an allocation of each trip
in the trip table to its path. For Sample Network 1, there
are twenty states as shown in Table 5-5. For example, in
state 1 the first vehicle from Development B is on Link 1 and
the other three vehicles are on link 2. In the entropy formu-
lation it is assumed that each state is equally likely; thus,
in the sample network, each state has a 1/20 probability of
occurring. The maximum likelihood flow condition is associ-
ated with the greatest number of states. In the sample net-
work, states 1-4 are associated with flow condition 1; states
5-16 with flow condition 2; and states 17-20 with flow condi-
tion 3. Thus flow condition 2 is the maximum likelihood condi-
tion, with a 60% probability of occurring.
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Table 5-4
Possible Flow Conditions on Sample Network 1
Identification
Number
Link 1 Link
A
2
B
3
2
1
Table 5-5
States for Sample Network 1
State No.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
Origin A
Veh. 1 Veh.
Origin B
2 Veh. 1 Veh. 2 Veh.
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Veh. 4
For a large network like those typically used in urban
transportation planning applications, the number of states is
extremely large. Fortunately, all states need not be enumer-
ated to determine the maximum likelihood flow condition. The
number of states associated with a given flow condition is
given by the following formula:
qrs !
Si 
_=_O-D's rs H fkrs!
paths k
where:
Si = number of states associated with flow
condition i
qi = flow for O-D pair rs
fkrs = flow on path k for O-D pair rs in flow
condition i
For example, in Sample Network 1, qAD = 2, qBD = 4, and, for
flow condition 2, flAD = 1, f2AD = 2, flBD = 1, and f2 BD=2 .
Thus:
2! 4!
S2 = = 12
1! 1! 2! 2!
The entropy formulation can be expressed as the following
nonlinear program:
qrs !
max II
rs H fkrs!
rs
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subject to:
Sfkrs = qrs for all O-D pairs rs
k
E fkrsdak rs - xa for all links a
rs k
where:
xa = equilibrium volume on link a
1 if path k from r to s includes link a
dakrs
0 otherwise
The first constraint requires that the sum of the flows on all
paths from an O-D pair equals the assigned volume for that
pair from the trip table. The second constraint ensures that
the equilibrium volume on each link equals the sum of the vol-
umes on all paths using the link.
In most maximum likelihood estimations, the logarithmic
form of the objective function is used. In this case the
objective function would become:
S[(ln qrs!) - X (ln fkrs!)]
rs k
Since the qrs's are fixed (values from the trip table), the
first term can be dropped from the objective function, leav-
ing:
- (In fkrs!).
rs k
The minus sign can be dropped and the objective changed to the
minimization of this function.
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For realistic networks, the traffic volumes and origin-
destination flows are usually large. To evaluate the objec-
tive function, Stirling's approximation of ln x! must be used.
Stirling's approximation is In x! = x In x - x. The objective
function then becomes:
I [Z (fkrs In fkrs) - fk r s ]
rs k k
= [X (fkrs In fkrs) - qrs]
rs k
Again, qrs is a constant and can be dropped from the objective
function. Thus the nonlinear program to be solved is:
min I X fkrs In fkrs (5-1)
rs k
subject to:
fkrs = qrs for all O-D pairs rs (5-1a)
k
I x fkrsdakrs - xa for all links a (5-1b)
rs k
To demonstrate how this program is used, consider once
again the network shown in Figure 5-2. Let the paths be
denoted as shown in Table 5-6. Let Fi denote the path volume
on path i. Program 5-1 for this example is thus:
min F 1 In Fl + F2 In F2 + F3 In F3 + F4 In F4 + F5 In F 5
subject to: (1) F1 + F 2  = 400
(2) F3 + F4 + F5 = 800
(3) F5  = 241
(4) F 1 + F 3  = 448
(5) F2 + F 4 = 511
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Table 5-6
Path Identification for Entropy Example
Path Number
A-1-D (via Link 1) 1
A-1-D (via Link 2) 2
B-1-D (via Link 1) 3
B-1-D (via Link 2) 4
B-D 5
(In this example, for simplicity the fkrs's have been denoted
Fl, F2 , etc. where F1 = flAD, etc.) Some redundant
constraints have been omitted. For example, constraint (1)
represents both the O-D flow constraint for pair A-D and the
link volume constraint for link A-i. There is one more con-
straint listed above than necessary for solution.
Some other observations can be made regarding the pro-
gram. Since F5 is a constant (=241), the last term can be
dropped from the objective function since it will not affect
its minimization. Furthermore, the constraints allow all of
the remaining path flow variables to be expressed in terms of
F1:
F 2 = 400 - F 1
F 3 = 448 - F 1
F4 = 111 + F1
The objective function can be minimized through differen-
tiation:
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az = In F 1 + 1 + (In F 2 +1)(-1) + (in F 3 +1)(-1) +
aF 1
(In F 4 + 1)(1)
= 0
in F 1 + In F4 = In F2 + In F3(Fi) (F 4 ) = (F 2 ) (F 3 )(FI) (F 1 + 111) = (400 - F1)(448 - F1 )
F 1 = 187
F 2 = 213, F 3 = 261, F4 = 298
These values are identical to those expected (as described in
the earlier example on the intermediate steps in the Frank-
Wolfe algorithm).
It should be pointed out that, in general, to solve the
program, the paths used for every O-D pair involving a devel-
opment site must be known. The assignment program used would
have to be altered to provide that information by finding all
shortest paths between origins and destinations once the
equilibrium travel times have been found. An integrated com-
puter software package could be developed that would translate
the path enumerations into constraints for use in an optimiza-
tion program.
Because it involves solving a nonlinear program with per-
haps thousands of constraints, the entropy formulation entails
considerably more computational effort than most of the other
allocation methods mentioned above. In the next chapter, an
example of the entropy formulation, using an actual network
from a transportation planning application, is provided.
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5.5 Solution procedures
This section presents brief descriptions of the proce-
dures for solving the two parts of the entropy formulation--
the equilibrium assignment and the nonlinear optimization.
Also included is a discussion of the method used to find all
shortest paths between each origin and destination for use in
developing the constraints for the nonlinear program.
5.5.1 Solving for an Ecuilibrium Traffic Assignment
An equilibrium traffic assignment is obtained by the
solution of the following program [18]:
Xa
min z(x) - ta(w) dw
a
0
subject to:
fkrs = qrs for all r,s
k
fkrs > 0 for all k,r,s
where x is the vector of link volumes (Xl,...,xm), ta(x)
is the link performance function (time as a function of
traffic volume) for link a, and the variables Xa, fkrs'
and qrs are defined as in section 5.4.
In the Frank-Wolfe algorithm, at each iteration a current
solution (set of link traffic volumes) and corresponding
travel times are known from previous iterations. During the
iteration, the current solution is updated to another solution
satisfying the constraints of the program that is closer to
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the program solution than the current solution. This new
solution is obtained by determining a descent direction (i.e.
a vector along which the new solution will be found moving
from the previous solution) and the move size, a, that is the
distance to the new solution from the previous solution.
A linear program is solved at each iteration which
defines the descent direction for the update of the existing
solution. Sheffi [18] shows that solving this program is
equivalent to performing an all-or-nothing assignment based on
the current set of link travel times. A line search is then
performed to determine the move size, a. This line search
consists of finding a that solves:
X n+(Yan-xan )
min ta(w) dw
0<_c1_ a I
0
where xn = (xln,...,Xmn) is the current solution and ,n =
(y1n,...,ymn) is the new solution for iteration n.
Thus Yn - n is the descent direction for iteration n. A
recommended method for performing the above line search is to
use the bisection search--that is, to determine the derivative
of the objective function at the endpoints of the range over
which the function is minimized and successively replacing the
endpoint with the higher derivative with the midpoint of the
range until the minimum has satisfactorily converged.
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The current solution is set to the zero vector and the
link travel times set to the free-flow times for the first
iteration. A convergence test or number of iterations is used
to stop the algorithm.
To determine the volumes to be used in the intermediate
steps method (Section 5.3), in addition to saving and updating
the link volumes, the path volumes are saved and updated as
well. This requires additional storage space to be set aside
by the program.
Sheffi [18] shows that it is easy to develop a program to
perform equilibrium assignment using the Frank-Wolfe algorithm
and notes that it is now included in some transportation plan-
ning packages. PASCAL code for such a program is presented in
Appendix A.
5.5.2 Identification of Shortest Paths
Included in the program in Appendix A is a routine that
finds and outputs all shortest paths between all origins and
destinations. This procedure uses a modified version of the
label-correcting procedure used by the program to perform the
all-or-nothing assignment at each iteration of the Frank-Wolfe
algorithm. (The label-correcting procedure is described by
Sheffi [18].) Instead of simply finding a shortest path from
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each origin to the destinations (using the equilibrium link
travel times), the modified label correcting algorithm saves
all paths to each node reached from the origin within a user-
supplied tolerance of the shortest path found to the node.
For the program given in Appendix A, the tolerance chosen was
0.025 minutes.
5.5.3 Nonlinear Optimization
There are several methods available for solving nonlinear
optimization problems. The Frank-Wolfe algorithm described in
the last section is one method that works particularly well
for the objective function of the equilibrium assignment pro-
gram. For the nonlinear optimization step in the entropy for-
mulation, other methods are more efficient.
The general optimization program GINO uses a version of
the generalized reduced gradient (GRG) algorithm to find the
solution of a nonlinear program [11]. This algorithm follows
the general method of Frank-Wolfe in that at each iteration a
descent direction and move size are determined to update the
current solution. In GRG the gradient of the objective func-
tion at the current solution is used to determine the descent
direction.
One common method for choosing the descent direction is
to choose the negative gradient at the current solution. The
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most efficient method used by GINO is called the Broyden-
Fletcher-Goldfarb-Shanno (BFGS) Quasi-Newton method. This
method requires the storage of an n x n matrix in an n-
variable problem. Other methods that are less efficient but
require less storage are available in GINO; these include
Fletcher-Reeves, Polak-Ribiere and one-step BFGS. These lat-
ter methods are referred to as conjugate gradient methods and
are used by GINO when there is insufficient storage available
for BFGS.
The line search portion of the optimization may be solved
by the bisection search described in section 5.5.1. GINO uses
a more efficient procedure: An initial guess for the move
size is chosen and the value of the objective function for
this move size and the previously calculated descent direction
is computed. The initial guess is increased or decreased
(depending on whether the objective function value of the ini-
tial guess was lower or higher than the value at the current
solution) and a new value of the objective function computed.
New guesses are continued in this manner until the objective
function begins to increase (if it initially decreased). A
quadratic is then fitted to the last three values (the middle
of which is the lowest) and the minimum of the quadratic is
used as the optimal move size.
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5.6 Summary
In order to determine cost allocations to developments
that are consistent, the traffic volumes attributable to each
development must be known. While assignment techniques that
are series of successive all-or-nothing assignments provide
the necessary information for cost allocation, equilibrium
assignment does not because of its property of nonunique path
flows between an origin and destination. This chapter ana-
lyzed four methods for determining allocations to developments
when equilibrium assignment is used.
Two of the methods analyzed--the use of incremental allo-
cation and the use of the intermediate steps in the Frank-
Wolfe algorithm--were the simplest to implement in terms of
computational time and effort. Unfortunately, neither of
these methods yield consistent results for all networks. The
averaging of incremental allocation results did yield consis-
tent allocations, but is computationally impractical.
The recommended method to overcome the problem of alloca-
ting traffic under an equilibrium assignment is the use of an
entropy formulation. This method determines, using a non-
linear program, the maximum likelihood allocation to the
developments of the additional traffic using an improved
facility. While the method is quick and accurate for small
networks, extensive testing on larger networks is needed to
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determine its efficiency for use in realistic applications.
Chapter 6 provides an example of the use of the entropy formu-
lation on a real urban network to allocate highway improvement
costs.
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CHAPTER SIX
EXAMPLE OF IMPACT FEE ASSESSMENT USING ENTROPY FORMULATION
Chapter 5 examined several traffic allocation methods
that could be used for impact fee assessment. The most
promising method introduced is based on an entropy formulation
that determines the most likely paths taken by trips to and
from new developments. The method requires the solution of a
nonlinear program that can have many hundreds of variables in
realistic applications. The purpose of this chapter is to
present such a realistic example to determine how difficult it
would be to implement the procedure in practice.
This example is based on a simplified network used in a
transportation planning model development example [8]. To
take advantage of the personal computer software available for
optimization, the highway network used in this example is
coarser than many used in actual transportation planning
applications. The example network, therefore, has fewer links
and nodes than real-life networks. The limits of the personal
computer software used to solve the optimization program were
taxed by the size of this example. Much larger problems can
be solved, however, with other software packages or on larger
computers. This example is provided to demonstrate that the
entropy method can be used in a realistic application at a
reasonable cost and within a reasonable time period.
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6.1 Description of Example Highway Network
The highway network used in the example is based on one
used by Janson et al [8] in the development of the NETPEM
model for the U.S. Department of Energy. The network was a
simplified version of the highway system of the eastern por-
tion of the Pittsburgh urbanized area. The network used in
the model development example was further modified for use in
this chapter's example. The final network used for this
example is shown in Figure 6-1.
In the example network nodes 1 through 7 represent trip
generation points (zone centroids). Nodes 8 and 9 represent
locations of new developments. These hypothetical develop-
ments can be considered to be located in zones 6 and 2 respec-
tively but are depicted as separate zones for ease in distin-
guishing the trips generated by the new developments. The
trip table containing the number of trips between each origin
and destination for the morning peak period (assumed known) is
displayed in Table 6-1.
The trips contained in the trip table were assigned to
the highway network using the PASCAL equilibrium assignment
program written for this purpose, which is shown in Appendix
A. The program's output provided the traffic volumes on the
network's links and a listing of the minimum travel time paths
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Figure 6-1
Highway Network for Entropy Formulation Example
25 4
-' 9 1
Table 6-1
Trip Table for Example Application
Trips from
Zone:
1
2
3
4
5
6
7
8
9
Total
Trips to Zone:
1 2 3 4 5 6 7 8 9 Total
1174
0
1424
369
493
0
54
0
0
3514
73
0
0
149
0
0
0
0
0
222
107
0
68
0
0
0
0
0
0
175
369
0
131
137
0
0
0
0
0
637
40
0
0
62
0
0
0
0
0
102
74
0
27
27
0
0
0
0
0
128
235
0
283
74
99
0
11
0
0
702
2072
0
1933
818
592
0
65
0
0
5480
for each origin-destination pair.
ure 6-2.
The output is
The traffic assignment program was run
without and once with the new developments (i.e.
shown in Fig-
twice--once
trips to and
from zones 8 and 9). This determined the traffic increase on
each link resulting from the new development and would allow
the determination of the necessary improvements on each link.
6.2 Entropy Program Formulation
The equilibrium assignment program's output, along with
the trip table provides the information necessary to develop
the entropy formulation (program 5-1 from Chapter 5) for this
example. For simplicity, the path flow variables are numbered
flr*,.,fn as shown in Table 6-2. For example, f112 in the
notation of Chapter 5 is denoted fl, f212 is denoted f2 , and
so on up to f379 , which is denoted f50 . Using the revised
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Figure 6-2
Equilibrium Assignment Program Output
for Example Network
User equilibrium flows:
Link A-Node B-Node Volume
3
4
9
5
7
3
5
2
12
2
8
6
13
6
2
2
2
22
10
rever
3
4
5
5
5
5
7
7
13
1866
206
702
815
3137
375
649
412
1057
412
1510
128
2275
825
583
1057
412
242
583
order) from 1
Time
0.293
0.312
C C) 00 1
0.198
0. 057
0. 101
0. 179
0.140C
0 . 130
0.016
0. 100
0. C) 01
0. 181
0. 140
0.001
0.001
0.135
0.01 C)
0. 124
0. 141
0.0 C06
to 2
Paths ( in
3 1
reverse order) from
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1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
Paths
2
2
2
2
2
2
2
2
2
(in
5
5
11
11
12
12
6
13
10
1 to 3
Figure 6-2 (cont'd)
Equilibrium Assignment Program
for Example Network
(in reverse
3 1
4 1
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Table 6-2
Definition of Path Flow Variables for Example Application
Variable Name
fl
f 2
f 3
f 4
f 5
f6
f 7
f8
f 9
fl0
fll
f12
f13
f 1 4
f 1 5
f16
f 1 7
f18
f 1 9
f2 0
f21
f22
f23
f24
f25
f26
f27
f28
f29
f30
f31
f32
f33
f34
f35
f36
f37
f38
f39
f40
O-D pair Path number for O-D pair (k)
1-3
1-3
1-3
1-3
1-3
1-3
1-3
1-3
1-3
1-5
1-5
1-9
1-9
1-9
1-9
1-9
1-9
1-9
1-9
1-9
3-2
3-2
3-2
3-2
3-2
3-2
3-9
3-9
3-9
3-9
3-9
3-9
4-2
4-2
4-2
4-9
4-9
4-9
5-2
5-2
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Definition of
Table 6-2 (cont'd)
Path Flow Variables for Example Application
Variable Name
f 4 1
f42
f 4 3
f 4 4
f 4 5
f46
f 4 7
f48
f 4 9f 5 0
O-D pair Path number for O-D pair (k)
5-2
5-9
5-9
5-9
7-2
7-2
7-2
7-9
7-9
7-9
Program 5-1 to Be
Table 6-3
Solved for Example Network
50
min fi
i=1
ln fi
subject to:
fl + f 2 + f 3 + f 4 + f 5 + f 6 + f 7 + f 8 + f9
f 10 + fll
f12 + f1 3 + f1 4 + f1 5 + f 1 6 + f 1 7 + f 1 8 + f1 9 + f 2 0
f21 + f 2 2 + f 2 3 + f 2 4 + f 2 5 + f26
f27 + f2 8 + f 2 9 + f 3 0 + f 3 1 + f32
f33 + f3 4 + f35
f36 + f3 7 + f38
f39 + f 4 0 + f41
f42 + f4 3 + f4 4
f45 + f 4 6 + f47
f48 + f4 9 + f 5 0
fl + f 3 + f5 + f 7 + f8 + f 9 + f1 0 + f1 2 + f1 4 + f16
+ f18 + f1 9 + f 2 0
f3 + f 4 + f 1 4 + f1 5 + f 2 2 + f 2 8 + f 3 4 + f 3 7 + f 4 0
+ f43
f5 + f6 + f1 6 + f1 7 + f2 3 + f 2 9 + f3 5 + f3 8 + f41
+ f44
f7 + f 1 8 + f 2 4 + f 3 0 + f 4 5 + f48
f8 + f 1 9 + f 2 5 + f 3 1 + f 4 6 + f49
f9 + f 2 0 + f 2 6 + f 3 2 + f 4 7 + f 5 0
= 1174
= 107
= 235
= 1424
= 283
= 369
= 74
= 493
= 99
= 54
= 11
= 1311
= 1057
= 412
= 1510
= 237
= 588
f i 0
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notation, Table 6-3 shows the formulation of program 5-1 for
this problem.
An explanatory note concerning the flow variables must be
given here. Note that no flow variables for origin-
destination pairs with only one path (e.g. f113 , f146 ) are
included in the program given in Table 6-3. These path flows
are unnecessary in the solution of the program and are, in
fact, known since for such a pair rs, flrs = qrs. For this
network, these variables are left out to simplify the program
along with the O-D constraints for these pairs. Note, how-
ever, that the values of the link volumes for links included
in such a path must be reduced by the number of trips along
the path when used in the constraint for that link. For
example, constraint 12 in Table 6-3 represents the link flow
conservation constraint for link 1-3. The equilibrium volume
for this link is 1807, but the right-hand side of the con-
straint is reduced by the sum of the flows for pairs 1-3, 1-6,
1-7, and 1-8 to come up with a value of 1311 for the con-
straint.
The program in Table 6-3 was solved using the general
nonlinear optimization software package GINO [11]. The actual
GINO model is presented in Appendix B. The solution of this
program is displayed in Table 6-4. (GINO does not provide
integer solutions; the values in Table 6-4 are rounded to
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Table 6-4
Solution to Program in Table 6-3
Variable Value Integer Value
fl 52.126996 52
f2 30.392716 30
f3  137.772576 138
f4  77.180088 77
f5  52.421822 52
f6  30.569578 31
f7  516.470958 516
f8 81.056217 81
f9  196.009049 196
f10 67.675198 68
fll 39.324802 39
f1 2  10.410509 10
f1 3  6.167821 6
f1 4  26.560152 27
f1 5  15.369341 15
f1 6  10.380441 10
f1 7  5.995654 6
f18  103.521683 104
f19  15.900224 16
f2 0  40.694176 41
f2 1  71.206161 71
f2 2  182.717402 183
f2 3  71.946314 72
f2 4  707.229674 707
f2 5  111.865100 112
f2 6  279.035348 279
f2 7  14.244354 14
f28 36.183404 36
f29 14.244354 14
f3 0  140.688512 141
f3 1  21.749639 22
f32 55.779420 56
f3 3  81.673856 82
f34  206.730590 207
f3 5  80.595554 81
f36 15.738029 16
f37  41.991428 42
f38  16.270543 16
f3 9  108.328926 108
f4 0 276.863797 277
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Table 6-4 (cont'd)
Solution to Program in Table 6-3
Variable Value Integer Value
f41  107.807277 108
f42 21.600317 22
f43  55.631222 56
f44  21.768462 22
f45  34.895383 35
f46  5.361258 5
f47  13.743359 14
f48  7.193789 7
f49  1.067562 1
f50 2.738648 3
provide meaningful flow values. Thus some constraints may be
off by a rounding error of one vehicle, which would not
seriously affect the value of an impact fee assessment.) Thus
the number of trips generated by an individual zone can be
determined from this solution. For example, the number of
vehicles generated by zone 9 on link 13-2 is f19 + f31 + f49 =
16 + 22 + 1 = 39.
The entire procedure was accomplished in a matter of
hours once the network parameters were determined. The most
time-consuming tasks in the procedure were the developing of
the GINO input files shown in Appendix B (discussed below) and
the running of GINO itself. Because of the size limitations
of the GINO version used and the size of the program to be
solved, GINO could not use its most efficient optimization
routine (BFGS as described in Chapter 5).
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6.3 Optimization Results and Applications
To show how impact fee assessments could be determined
using these results, consider the following hypothetical
example. Say that impact fee revenues are to be used to
improve link 7-6. The number of trips generated by the devel-
opment in zone 9 is given by f18 + f3 0 + f4 8 = 104 + 141 + 7 =
252. As it turns out, all trips to zone 8 use link 7-6, and
so the column total for zone 8 from the trip table (= 128)
gives the number of trips generated by this development using
the link. Thus the development in zone 9 generates 66% of the
new traffic and should be charged about twice as much as the
development in zone 8 for improvements to link 7-6. (Note
that under a flat fee system, the ratio between the develop-
ments' sizes could be used to determine the ratio between the
impact fees charged. Assuming that generated trips are pro-
portional to size, the column totals from the trip table could
be used to determine this ratio. In this case the development
in zone 9 would be responsible for 85% of the fees collected.)
The actual amounts of fees collected would be determined by
the costs of making the improvement and the particular objec-
tives of the government in collecting the fees.
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6.4 Implementation Details and Problems
The two computer routines needed to implement the entropy
method are an equilibrium assignment program (including output
of all shortest paths) and an optimization routine. As men-
tioned above, a program to perform the assignment procedure
using the Frank-Wolfe algorithm was written for this purpose
as is displayed in Appendix A. Sheffi [18] notes that the
Frank-Wolfe algorithm is now included in some transportation
planning packages. Many packages, however, particularly those
designed for microcomputers, do not provide equilibrium
assignment routines. In an actual application such a routine
could probably be obtained without too much difficulty.
As previously indicated, the GINO program was used to
perform the optimization phase of the procedure. The version
of GINO used limits the size of the program to be solved to
fifty variables and thirty constraints, excluding simple
bounds on individual variables (such as the nonnegativity con-
straints on flow variables). Thus programs larger than the
one formulated in the example (in terms of the number of vari-
ables) cannot be solved with this version of GINO although
larger versions of GINO are available. There are other pro-
grams available for microcomputers that will solve programs
with more variables, and much larger programs, of course, can
be solved on mainframe computers.
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Probably the most difficult task in a realistic applica-
tion would be the interface between the assignment and optimi-
zation routines. In the example, the assignment program out-
put was used to determine the path flow variables and to
enumerate the constraints. Extraneous and redundant con-
straints were eliminated by inspection. The resulting program
was then input as a text file and read by GINO.
In a larger application, this process would have been
more complicated and time-consuming. Ideally, a routine to
create the input file for the optimization program should be
provided for use by agencies responsible for determining
impact fee assessments. This routine would allocate one path
flow variable for each shortest travel time path between every
origin and destination, except for those O-D pairs with only
one shortest path. It would output into a file readable by
the optimization program an objective function of the flow
variables of the form of equation 5-1. The interface routine
would have to create a matrix of constraints in the form Ax =
b, where x is the vector of flow variables and b is the vector
of the right-hand sides of the constraints. The value bi is
either an origin-destination flow qrs or a link volume (less
the flows between unique-path O-D pairs using the link),
depending on whether the constraint is an O-D flow or link
volume constraint. The value of Aij is 1 if path j is of the
O-D pair for O-D flow constraint i or if path j uses the link
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for link volume constraint i; Aij = 0 otherwise. Extraneous
constraints could be eliminated by deleting rows of the matrix
A that are linearly dependent on other rows. The routine
would then write the constraints to the optimization input
file.
Many optimization programs (including GINO) allow the
user to input a starting point from which the search for the
optimal solution will begin. Choice of a solution close to
the optimal one will greatly reduce the convergence time for
the optimization process. A simple initial solution that sat-
isfies many of the constraints (which was used for this
example) is to assign all path flow variables for an O-D pair
an equal share of the flow for the pair. This initial solu-
tion automatically satisfies the O-D flow constraints and is
probably much closer to the feasible region for the program
than a random initial solution.
This process is certainly feasible if the optimization
program takes input from files created outside the program
itself. The key is writing the file in a readable form.
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6.5 Conclusions
The example described in this chapter shows that it is
possible to use the entropy formulation developed in Chapter 5
for impact fee assessment in a realistic-sized application. A
simple equilibrium assignment program was written to perform
the traffic assignment task for the network, and the GINO pro-
gram was used to solve the nonlinear program. The information
necessary for variable impact fee assessment for any highway
project in the network was available in a matter of hours.
Many improvements can be made on the procedure used in
this example to make the procedure more practical in actual
use. A more efficient optimizer with more relaxed limits on
problem size would probably have to be used in practice. An
interface program between the assignment program and the opti-
mizer should be provided as well. These issues are relatively
easy to solve for any jurisdiction wishing to use transporta-
tion planning procedures and the entropy traffic allocation
procedure for impact fee assessment.
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CHAPTER SEVEN
SUMMARY AND CONCLUSIONS
Many areas are experiencing increased highway congestion
resulting from rapid growth. In areas where highway conges-
tion can be alleviated by highway widening and improvements,
the impact fee is becoming a popular method for financing the
improvements necessary to accommodate the increased traffic.
Impact fees are charges to developers to pay for the roadway
improvements made necessary by the construction of their
developments.
Impact fees may be flat fees proportional to the size of
the development, variable fees related to the impact of the
development, or negotiated between the developer and the gov-
ernment. Only the variable fee can ensure that certain desir-
able objectives are met, including that the costs of improve-
ments are covered and that costs are allocated equitably among
developments according to the traffic impacts the developments
have on the roads to be improved. Variable fees must be set
so that certain legal, administrative, economic, and technical
issues are addressed.
One way in which improvement costs are being allocated to
developments in the setting of impact fees is through the use
of highway cost allocation methods. Three common allocation
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methods are incremental allocation, proportional allocation,
and uniform traffic removal. Uniform removal is equivalent to
proportional allocation when applied to impact fee assessment
since a vehicle from any development is assumed to have equal
traffic impacts on a road. While incremental allocation is
easier to apply using traditional methods such as urban trans-
portation techniques, it does not meet the goal of consistent
allocations among developments because developments must be
arbitrarily ordered. Proportional allocation can be used to
determine consistent allocation, but it is much more difficult
to apply. This difficulty arises from the need to know the
split of traffic on a roadway among the developments generat-
ing the trips.
Equilibrium traffic assignment is the preferred method
for determining the total traffic increases on roadways
resulting from the construction of a group of developments.
Unfortunately, equilibrium assignment does not determine
unique flows on the paths from an origin to a destination.
This property means that the number of trips using a highway
segment that were generated by any particular development can-
not be determined in a proportional allocation. Other com-
monly used assignment methods do not have this property, but
they are inferior to equilibrium assignment in terms of the
accuracy of assigned traffic volumes.
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Most existing impact fee programs use methods other than
equilibrium assignment and proportional allocation. Incremen-
tal allocation may be employed, or an all-or-nothing or capac-
ity restraint assignment may be performed. These provide
results that may be inaccurate or inconsistent among develop-
ments. A case study presented in this thesis demonstrates
that this can occur quite easily in practice, and that the
traffic allocations are sensitive to the modeling assumptions
made.
Several methods were examined in an attempt to provide
consistent allocations when equilibrium assignment is used.
Averaging all possible incremental allocation orderings for a
group of developments provides consistent allocations, but the
computational cost associated with this method is too high to
be practical when there are many developments under consider-
ation. Using the intermediate steps in the Frank-Wolfe algo-
rithm commonly used in performing equilibrium assignment was
shown not to provide consistent allocations for many networks.
The method that was the most effective among those analyzed
employed an entropy formulation to determine the most likely
allocation of trips to paths between each origin and destina-
tion.
The entropy formulation involves solving a nonlinear pro-
gram that can have many variables in realistic applications.
-132-
An example of an actual urban network was used to show that
the entropy formulation can be used in a practical setting. A
general optimization program was used to solve the program.
An interface between the equilibrium assignment and optimiza-
tion programs would have to be provided for the method to
become useful in most real-life settings.
Many impact fee programs are in place today, and many
more will continue to be used in high-growth areas. To date,
however, these programs have not been designed to assess fees
that are consistent among different developments. Highway
cost allocation and urban transportation planning procedures
can be used to assess equitable fees if the entropy method is
employed in conjunction with them. This will ensure that all
developments are treated equitably and that the fees are
assessed so that they reflect the true impacts associated with
individual developments.
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Appendix A
Equilibrium Assignment Program Code
The program code displayed in this appendix solves for
the user equilibrium traffic flows on a network. The program
uses the Frank-Wolfe algorithm and the methods described in
Section 5.5.1. This program was used to perform the traffic
assignment task in the example of Chapter 6.
This program was written in Turbo PASCAL to run on an IBM
PC microcomputer. It reads the network and origin destination
data from either the keyboard or a disk file. (While this
data cannot be edited in this program, two companion programs
are used to edit data.) The output is to a printer although
the program could be easily modified to provide output to a
different output device. An example of the output is shown
in Figure 6-2.
This program also performs the task of finding all short-
est paths between each origin and destination. The method
described in Section 5.5.2 is used. These paths are provided
as part of the program's output (see Figure 6-2).
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program paths (inputoutput);
c ons t
NoOfIterations=200; {user-defined co;nvergence criterion }
TTT=0 .025; {tolerance for shortest-path finding routine}
epsi lon=0.0 Ol; { tolerance for line search)
MaxT=9999;MaxOD=9;MaxNodes=13;MaxLinks=21
type
NodeArrayl=arrayl1..Max.Nodes] of integer;
NodeArrayR=arrayE1..MaxNodes] of real;
LinkArrayl=arrayEl..MaxLinks] of integer;
LinkArrayR=array1l..MaxLinks] of real;
ODArray=arrayE1..MaxOD,1..MaxOD] of integer;
TitlString=string 18];
Node10Array=arrayCl..MaxNodes,l..10] of integer;
Po int=record
Valu: integer;
end;
Net=record
BNod: integer;
AVal:real;
CVal:real;
end;
ODNo d e=rec o rd
Valu: integer;
end;
ODMat=record
ODVal:array[1..MaxOD
end;
var
isj .k, nodes, i terat ion, inks,
alpha:real;
z:LinkArrayI;
x, y,a, c, tt : LinkArrayR;
pntr,orig,dest,p:NodeArrayI;
OD:ODArray;
Titl:TitlString;
FileName:StringE 10];
ans: Char;
integer;
origins,dests:integer;
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function deriv(aa:real;a,c:LinkArrayR; .,yL:L.inkArrayR) :real;
{calculates derivative for line search)
var
dumldum2,dum3,dum4,ddum5:real;
k: integer;
begin
dum5 :=C);
for k:=1 to links do
begin
dum : =y[k3-x k;
dum2:=x Ek+aa*duml;
dum3:=a[kl*(1+0.15*Sqr((Sqr(dum2/ck] )));
dum4:=duml*dum3;
dum5:=dLm5+dum4;
end;
deriv:=dum5;
end ;
procedure SwapI(var x,y:integer);
.swaps the values of 2 integer variables--used in sorting)
var temp:integer;
beg in
temp:=x;
x.,:=y;
y:=temp;
end;
procedure SwapR(var x,y:real);
{swaps the values of 2 real variables--used in sorting)
var temp:real;
begin
temp:=x;
x :=y;
y:=temp;
end;
procedure bisect(var alpha:real);
{perform bisection line search to find a-)
var done:boolean;al,b1,xx:real;
begin
al:=0;
bl:=1;
repeat
xx :=(bl+al)/2 ;
if deriv(xx,ac,xy)<=O then al:=xx else b1:=xx;
if (bl-al)<2*epsilon then done:=true;
until done;
alpha:=(bl+al)/2;
end;
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procedure ReadNet;
{read in network data from disk file)
var
PointFile:file of Point;
Po intRec :Point;
NetFile:file of Net;
NetRec : Net;
i: integer;
beg i n
assign(PointFile,FileName+'.PNT');
reset(PointFile);
seek(PointFile,O) ;read(PointFi le,PointRec) ;
links:=PointRec.Valu;
seek(PointFi le, 1);read(PointFileF'ointRec);
nodes:=PointRec.Valu;
for i:=l to nodes+1 do
begin
seek(Po intFi le i+ ) ;read (PointFi leFPointRec)
with PointRec do
beg in
pntr[ i :=Valu;
end;
end;
close(PointFile);
assign(NetFileFileName+'.NET');
reset(NetFile);
for i:=l to links do
beg in
seek::(NetFile,i-1) ;read(NetFileNetRec);
with NetRec do
begin
z[i ]:=BNod;a[il:=AVal;c[il:=CVal;
end;
end;
close(NetFile);
end;
procedure WriteNet;
{write network data to disk file}
var
PointFile:file of Point;
PointRec:Point;
NetFile:file of Net;
NetRec:Net;
begin
writeln('Name of file (do not include e-,tension)?")
readln(FileName);
assign(PointFile,FileName+'.FPNT');
rewrite(PointFile);
with PointRec do
begin
Valu: = 1 i nks;wr i te(Po i ntFilePo intRec) ;
Valu:=nodes;write(PointFile ,PointRec);
for i:=l to nodes+1 do
begin
Valu:=pntrEi3;
write(PointFilePointRec);
end;
end;
close(PointFile);
assign(NetFile5 FileName+'.NET');
rewrite(NetFile);
with NetRec do
begin
BNod:=0;AVal:=0;CVal :=0;
for i:=1 to links do
begin
BNod:=zi] ;AVal:=aCi];CVal :=c[i;
write(NetFileNetRec);
end;
end;
close(NetFile);
end;
procedure EnterNet;
(enter network data from keyboard}
var
xx ,yy:LinkArrayI;
aa cc :LinkArrayR;
ans:char;
i,j,k,x ,yl: integer;
beg i n
nodes :=0;
links:=0;
ans:="Y';
while ans<>'N' do
beg in
ClrScr;
I inks :=1 inks+1
writeln( 'Link # ',links);
writeln;
writeln('Enter endpoints--separate by space' );
read 1n( xl ,y ) ;
xx links:=x 1;
yyE 1 inks] :=yl ;
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if x>:nodes then nodes:=x1;
if yl>nodes then nodes:=y1;
write('Link perfcormance functions will be of ');
writeln( form:');
writeln;
writeln("  T = A*(I+.15*(X/C)...4)');
writeln;
write('Enter A and C values for this link--');
writeln('separate by space');
readln(aaClinkslccElinks3) ;
write( 'Enter another link (Y/N)?');
readln(ans);
if ans='n' then ans:='N';
end;
pntrEI1 :=1;
for j:=2 to nodes do
pntr j ] : =0;
for i:=l to links do
beg in
pntrExxEi]+I :=pntrExx i +1 +1
end;
for j:=2 to nodes do
begin
pntrEj:=pntrEj]+pntrEj-1];
end;
pntrEnodes+1:=links+1;
for j:=l to nodes do
begin
k : =pntr I j ]
i:=1;
while k<pntrCj+13 do
begin
if xxEi]=j then
beg in
zEk]:=yy i ;
a[k3:=aaEil;
cEk]:=ccEi];
k : =k+ I ;
end;
i:=i+l;
end;
end;
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(sort }
for i:=1 to nodes do
for j:=pntr[i] to
for k:=pntr[Ci.
beg in
pntr[i+1]-2 do
to pntr[i+1]-2 do
if zEk3::>zEk+1] then
beg in
Swap I (zE[k
SwapR(a[k::
SwapR(c[k]
end;
end;
write('Save network data in
readln(ans) ;
if ans='y' then ans:='Y';
if ans ='Y' then WriteNet;
end;
procedure WriteOD;
{write O-D data to file}
var
NodeFile:file of ODNode;
NodeRec:ODNode;
ODFile:file of ODMat;
ODRec:ODMat;
begi n
,z Ek+1 3);
,aEIk+11);
,c[k+ 13);
file (Y/N)?');
writeln('Name of file (do not include extension)?) ;
read n(FileName);
assign(NodeFile,FileName+'.NOD');
rewrite(NodeFile);
with NodeRec do
beg in
Valu:=origins;write(NodeFile,NodeRec);
Valu:=dests;write(NodeFile,NodeRec);
for i:=l to origins do
beg i n
Valu:=orig i ;
write(NodeFileNodeRec);
end;
for i:=l to dests do
begin
Valu:=destEi];
write (NcdeFile,NodeRec);
end;
end;
close(NodeFile);
assign(ODFile,FileName+'.OD');
rewrite(ODFile);
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with ODRec do
beg in
for i:=l to origins do
begin
for j:=l to dests do
ODVal j :=OD[ ij;
write(ODFile,ODRec);
end;
end;
close(ODFile) ;
end;
procedure EnterOD(var total:integer;var
Title:TitlString);
{enter O-D data from keyboard)
var temp, i :integer;
begin
temp:=1;
total :=O;
while temp:>O do
begin
ClrScr;
writeln(Title);
writeln;
i:=1;
while i<:=total do
begin
write('
i :=i+1;
list:NodeArrayI;
',list[il);
end;
writeln;
wr iteln;
write( 'Enter number of new node ') ;
write(' (Enter "0" to end list) );
readln(temp);
if temp::,O then
begin
total :=total+1;
listE totall:=temp;
end;
end;
end;
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procedure ReadOD;
.Read O-D data from file)
var
NodeFile:file of ODNode;
NodeRec: ODNode;
ODFile:file of ODMat;
ODRec:ODMat;
begin
assign(NodeFile,FileName+.NOD:');
reset(NodeFile);
seek(NodeFile,));read(NodeFile,NodeRec);
o-rigins:=NodeRec.Valu;
seek(NodeFile,) ;read(NodeFile,NodeRec);
dests:=NodeRec.Valu;
for i:=l to origins do
beg in
seek(NodeFilei+1);read(NodeFi.le,NodeRec);
with NodeRec do
begin
origEi I:=Valu;
end;
end;
for i:=1 to dests do
begin
seek(NodeFilesi+origins+1);read(NodeFileNodeRec);
with NodeRec do
begin
dest i] :=Valu;
end;
end;
close(NodeFile);
assign(ODFile,FilFeNamie+'.OD');
reset(ODFile);
for i:=l to origins do
begin
seek(ODFile,i-) ;read(ODFile,ODRec);
with ODRec do
begin
for j:=l to dests do
ODEi, j]:=ODValj 3 ];
end;
end;
close(ODFile);
end;
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procedure ShortPath;
{find shortest paths from each origin to all destinations
using label-correcting algorithm}
var
j , k., temp ,top : integer;
SeqEmpty:boolean;
seq:NodeArrayI;
L:NodeArrayR;
begin
top:=or ig[i;
for j:=1 to nodes do
beg i n
pEj]:=0;
if j=top then
beg in
seqEj]:=MaxT;
LCj] :=0;
end
else
beg i n
seq.j] :=0;
L .j :=MaxT;
end;
end;
SeqEmpty:=false;
while not SeqEmpty do
begin
k: =pntrEtop ;
while k<pntr[top+13 do
beg in
if LEtop+ttk.::3(<LzEk]3 then
begin
LEzEk]:=LEtop]+ttEk];
pzEk33 :=top;
if seq[Ez.k]]h<) then
beg i n
seq EzEk :=seqEtop ;
seqEtop] :=zEk;
end
else if seqEzEk]]=0 then
beg in
j:=0;
repeat j:=j+1 until seqEj]=MaxT;
seq j :=zEk ;
seq[EzEk :=MaxT;
end;
end;
k:=k+1;
end;
temp :=top;
top:=seqCtop];
seq[ temp l: =---1 ;
if top=MaxT then SeqEmpty:=true;
end;
end;
procedure assignment;
Cassign O-D flows to paths found in ShortPath procedure}
var jkbnode:integer;
beg in
for j:=l to dests do
begin
if (ODEij IO) and (origEi]::.dest jl]) then
beg in
bnode: =dest j]
while bnode<>::::origEi do
begin
k:=pntr Epbnode3 -1;
repeat
k : =k+1;
if z[k]=bnode then
y[k]:=yEk]+int(ODEi, j);
until z[kl=bnode;
bnode:=p[bnode];
end;
end;
end;
end;
procedure WriteNodes(bnode:integer;count:integer;
p2:NodelOArray;path:NodeArrayl );
-procedure to output nodes in shortest paths found in
FindPaths procedure}
var
anode. z, k ,h: integer;
MakePath:boolean;
begin
if (p2Ebnode,1]<>O) and (bnode<::>:orig[il) then
begin
z:=0;
repeat z:=z+1 until p2[bnode,z+13=O;
count :=count+1 ;
for k:=1 to z do
beg in
anode:=p2Ebnode k 3;
MakePath : =True ;
for h:=1 to count-I do
if anode=path[Eh then MakePath :=False;
if MakePath then
begin
path Count ]:=anode;
Wr-i teNodes (anode, count p2, path )
end;
end
else
begin
for k:=1 to count do
write(LSTpath[k]:4);
writeln(LST);
end;
end;
procedure PrintF'aths(bnode:integer;p2:NodelOArray) ;
{print shortest paths found by FindPaths procedure)
var count: integer
path :NodeArrayI;
beg in
count :=1
path[ : =bnode;
WriteNodes(bnode count,pepath);
end;
procedure FindPaths;
{find all shortest paths from each origin to every
destination for input to entropy program}
Sar
c, k, temptop, n : integer;
SeqEmpty:boolean;
seq:NodeArrayI;
L:NodeArrayR;
p2: Node 10 )Array;
begin
writeln(LST);
write(LST,'Paths (in reverse order) from ,orig Ei);
writeln(' to ',destEj]);
top:=orig[ i;
for c:=l to nodes do
begin
for temp:=1 to 10 do
p2Ectemp: =0C;
if c=top then
beg in
seqEc :=MaxT;
LE : =0;
end
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else
beg in
seq Cc] :=;
LEc :=MaxT;
end;
end;
SeqEmpty:=false;
while not SeqEmpty do
beg in
k: =pntrE top]
while k<:pntr
begin
Etop+1 do
if abs(L[top]+ttEk]-L[zCk
begin
n:=O;
repeat n:=n+l until
p2[EzEk ,n :=top;
end
else if LCtop3+ttEk3<L[zE
begin
I3)< TTT then
p2C zEk 3, n=0;
k] then
LEzEk :=LCtop3+tt Ck ;
p2CzCk3, 1:=top;
for n:=2 to 10 do
p2 zEk I ,n] :0;
if seqECzC[k<O then
beg in
seqEzEk]3 :=seq[top];
seqE top :==kz ] ;
end
else if seqCzrk3=0 then
beg in
c:=0;
repeat c:=c+l
until seqCc]=MaxT;
seq[Cc:=zk];
seqEzkI 3:=MaxT;
end;
end;
k :=k+1;
end;
temp:=top;
top:=seqtop] ;
seqEtemp] :=-;
if top=MaxT then SecEmpty : =true;
end;
PrintPaths(destC[jlp2);
end;
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begin {main program}
ClrScr ;
{input network and O-D data)
writeln('Name of input file for network data');
writeln( '<RETURN> to enter data from keyboard'");
readln(FileName);
if FileName<>::" - then ReadNet else EnterNet;
Cl rScr;
writeln( 'Name of input file for origin-destination data');
write( ':<RETURN> to enter data from keyboard ') ;
readln(FileName);
if FileName:<>'- '" then ReadOD else
begin
Titl:='Origin Nodes:' ;
EnterOD(originsorig,Titl);
Titl:='Destination Nodes:';
EnterOD(dests,dest,Titl);
for i:=l to origins do
beg in
ClrScr;
writeln('Enter origin-destination flows');
writeln;
for j:=1 to dests do
beg in
if origEil=dest[j3 then
ODEi, j :=0
else
beg in
write('Flow from node ',origri]);
write(' to node ',dest[j , ': )' ;
readln(OD i, .j );
end;
end;
end;
write('Save O-D data in file (Y/N)?');
readln(ans);
if ans='y' then ans:="Y";
if ans='Y' then WriteOD;
end;
for k:=1 to links do
begin
tt[k]:=a[k];
x k :=0;
y E k : =0;
end;
iteration:=0
repeat
ClrScr
writeln('Running iteration ',iteration);
for i:=l to origins do
begin
ShortPath;
assignment;
end;
if iteration>O then bisect(alpha) else alpha:=l
for k:=1 to links do
beg in
{volume update for current iteration)
xEk :=xk+ (y k -xEk )*alpha;
tt[Ek :=a[k*( 1+0. 15*sqr(sqr(xEk]/c[k)));
yEk : =0;
end;
iteration:=iteration+1;
until iteration>NoOflterations;
{output to printer)
writeln(LST);
writeln(LST,'User equilibrium flows:');
writeln(LST);
writeln(LST,' Link A-Node B-Node Volume
writeln(LST);
j:=l;
for k:=1 to links do
beg i n
write(LST,k:8);
while pntr[Ej+l<=k do j:=j+l;
writeln(LST, j :8, zEk :8, xEkl:8:0,ttck] :8:3);
Time');
end;
writeln(LST);
for i:=1 to origins do
for j:=1 to dests do
if (origCi3<>::destrj]) and (OD[ij ]>:O) then FindPaths;
end.
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Appendix B
GINO Model for Entropy Example
This appendix contains a listing of the model used by
GINO to solve the nonlinear program in the example of Chapter
6. The solution procedures for the model are described in
Section 5.5.3.
The appendix consists of two of the input files read by
GINO for the example problem. The first is denoted "MODEL" by
GINO and consists of the nonlinear program to be solved.
Equation 1) in the model is the objective function for the
entropy formulation. Equations 2) through 18) are the
equality constraints of the formulation; these include the O-D
flow constraints and the link volume constraints. Note that
the model corresponds to the formulation in Table 6-2.
The second file consists of the nonnegativity constraints
for the path flow variables. "SLB" stands for "simple lower
bound"; thus SLB Xl 0.00 means that the variable X1 must be
greater than or equal to zero.
Also input to GINO were the initial input values for the
flow variables as described in Section 6.4. This file con-
sists only of data and is not presented here.
-151-
MODEL:
.) MIN= X1 * LOG( X1 ) + LOG( X2 X + LOG( X3 ) * X3 +
LOG( X4 ) * X4 + LOG( X5 ) * X5 + LOG( X6 ) * X6 +
LOG( X7 ) * X7 + LOG( X8 ) * XS + LOG( X9 ) * X9 +
LOG( X10 ) X1C) + LOG( X1l ) * X11 + LOG( X12 ) * X12
+ LOG( X13 ) * X13 + LOG( X14 ) * X14 4 LOG( X15 ) *
X15 + LOG( X16 ) * X16 + LOG( X17 ) * X17 + LOG( X138
* Xi8 + LOG( X19 ) * X19 + LOG( X20 ) * X20 +
LOG( X21 ) * X21 + LOG( X22 ) * X22 + LOG( X23 ) * X23
+ LOG( X24 ) * X24 + LOG( X25 ) * X25 + LOG' X26 ) *
X26 + LOG( X27 ) * X27 + LOG( X28 ) * X28 + LOG( X29 )
* X29 + LOG( X30 ) * X30 + LOG( X31 ) * X31 +
LOG( X32 ) * X32 + LOG( X33 ) * X33 + LOG( X34 ) * X34
+ LOG( X35 ) * X35 + LOG( X36 ) * X36 + LOG( X37 ) *
X37 + LOG( X38 ) * X38 + LOG( X39 ) * X39 + LOG( X40 )
* X40 + LOG( X41 ) * X41 + LOG( X42 ) * X42 +
LOG( X43 ) * X43 + LOG( X44 ) * X44 + LOG( X45 * X45
+ LOG( X46 ) * X46 + LOG( X47 ) * X47 + LOG( X48 ) *
X48 + LOG( X49 ) * X49 + LOG( X50 ) * X50
2) X1 + X2 + X3 + X4 + X5 + X6 + X7 + X8 + X9 = 1174 ;
3) X10 + X11 = 107
4) X12 + X13 + X14 + X15 + X16 + X17 + X18 + X19 + X20 =
235
5) X21 + X22 + X23 + X24 + X25 + X26 = 1424
6) X27 + X28 + X29 + X30 + X31 + X32 = 283
7) X33 + X34 + X35 = 369
8) X36 + X37 + X38 = 74
9) X39 + X40 + X41 = 493 ;
10) X42 + X43 + X44 = 99 ;
11) X45 + X46 + X47 = 54
12) X48 + X49 + X50 = 11
13) Xi + X3 + X5 + X7 + X8 + X9 + X10 + X12 + X14 + X16 +
X18 + X19 + X20 = 1311 ;
14) X3 + X4 + X14 + Xi5 + X22 + X28 + X34 + X37 + X40 +
X43 = 1057 ;
15) X5 + X6 + X16 + Xi7 + X23 + X29 + X35 + X38 + X41 +
X44 = 412 ;
16) X7 + X18 + X24 + X30 + X45 + X48 = 1510
17) X8 + X19 + X25 + X31 + X46 + X49 = 237
18) X9 + X20 + X26 + X32 + X47 + X50O = 588
END
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SLB X 1 000000
SLB X2 .000000
SLB X3 .000000
SLB X4 .000000
SLB X5 .000000
SLB XG .000000
SLB X7 .000000
SLB X8 .000000
SLB X9 .000000
SLB X1O .000000
SLE X 11 .000000
SLB X 12 .000000
SLB X13 .000000
SLB X14 .000000
SLB X15 .000000
SLB X 16 . 000000
SLB X 17 .C0000
SLB X 18 .000000
SLB X9 .C000000
SLB X20 .(:)C))000000C)
SLB X21 .000000
SLB X22 .000000
SLB X23 .000000
SLB X24 .0C000
SLB X25 .000000
SLB X 26 . 000000
SLB X27 .000000
SLB X28 .000000
SLB X29 .C00000
SLB X30 .000000
SLB X31 .000000
SLB X32 .000000
SLB X33 .000000
SLB X34 .000000
SLB X35 .000000
SLB X36 .000000
SLB X37 .000000
SLB X38 .000000
SLB X39 .00000
SLB X40 .000000
SLB X41 .000000
SLB X42 .000000
SLB X43 .000000
SLB X44 .000000
SLB X45 .000000
SLB X46 .000000
SLB X47 .000000
SLB X48 .000000
SLB X49 .000000
SLB X50 C.000000
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